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Chapter 1 
Introduction 
1.1 General 
Modern chemistry is performed for a considerable part in heterogeneous media. For example 
well-known is the application of heterogeneous media in the large field of catalysis. Mostly, in 
heterogeneous media one of the phases is a solid. This solid can be designed to have specific 
properties which makes its application preferable over the application of one phase systems 
without this solid. The specific properties, which might not be present in the other phases, can 
be Lewis basicity/acidity, Br0nsted basicity/acidity, ion exchange capacity, molecular sieving 
capability or a combination of these. 
In this work three minerals are investigated with magnetic resonance techniques. All three 
minerals are applied in chemistry in heterogeneous media but they have different properties. The 
minerals are hydrotalcite, Ag-NaA zeolite and aluminum borate. Generalizing we can remark 
that hydrotalcite possesses a positively charged framework structure with exchangeable neutral 
molecules and counteranions within this structure. Ag-Na zeolite, opposed to hydrotalcite, 
possesses a negatively charged framework structure with exchangeable neutral molecules and 
countercations. Aluminum borate, finally, possesses an overall neutral framework structure in 
which the molecules are exchangeable. The three materials, however, do have a similarity. They 
are all three oxygen containing inorganic materials, as are most catalysts and catalyst supports. 
The study of a complete chemical process, encomprising a number of chemical reactions, is 
often not feasible due to the complexity of the process. An effective approach is to recognise 
reaction steps and study them separately. If these steps are still too complicated simpler systems, 
which serve as a model for the reaction step, can be studied. A very important question concerns 
the molecular structure of a system before, after, and during a chemical reaction. Once structural 
information is obtained, the reaction mechanism can be understood better. Then reasonable 
modifications of the reaction conditions can be proposed in order to improve the performance 
of the system. Since even in a single chemical reaction a number of different molecules are 
involved, it still might be a formidable task to elucidate the reaction mechanism. Going one 
step more down the ladder of complexity, it is useful to study the involved reactant, product and 
intermediate molecules separately. A lot of minerals, among them the above mentioned three 
minerals, have the ability to trap and stabilise (transient) molecules specifically. 
Magnetic resonance techniques are excellently suited for the study of the structure of a 
molecule and its local environment. The experiments presented in this thesis will offer some 
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Figure 1.1: A close packed double layer of hydroxide ions. 
more insight into the structures of the minerals itself or of molecules inside or on the surface of 
these minerals. 
1.2 Hydrotalcite 
The structure of Hydrotalcite 
Hydrotalcite ([Мя3А1(ОН)8]+[0.5СОз" · mH20]~) is a member of the category of double 
layered mixed metal hydroxides of formula1 : 
[MÍÍIM^(OH)2]»+[A;70 • тн2о]*-
M z + are divalent metal ions, e.g. ions of Mg, Co, Ni, Mn, Cu, Zn, Ca. M3 + are trivalent metal 
ions, e.g. ions of Al, Cr, Fe, Ni, Mn. A is an η-valent anion and χ can have values between 0.2 
and 0.45.2 
If M2 + is Mg2+ and χ = 0, we have Mg(OH)2 • mH20, a mineral known as brucite. Before 
discussing the structure of hydrotalcite we shall discuss the structure of the similar but simpler 
system of brucite. 
Consider a close packing of hydroxide ions in two dimensions, denoted sheet A. On top of 
sheet A, we place a second sheet, denoted B. In between sheets A and В we created octahedral 
holes, marked with dots in figure 1.1. The ratio of octahedral holes to hydroxides is 1:2. Next 
we place in the octahedral holes of the hydroxy double layer Mg2+ ions. The double layer is 
now electrically neutral, we shall call one such a neutral double layer a main layer. 
If we stack main layers in such a way that the hydroxide ions are arranged in a hexagonally 
close packed lattice, we produce the brucite structure, see figure 1.2. In the hexagonally close 
packed lattice the stacking sequence of the hydroxide sheets is AB-AB-.... A primitive unit cell 
can be constructed in which there are three hydroxides of an A-type sheet, three hydroxides of a 
B-type sheet of the next main layer and two Mg2+ ions of two main layers on the vertices of the 
primitive unit cell, see figure 1.2. The space group symbol for such a trigonal crystal system is 
P3m1 and the unit cell parameters can then be identified with the Mg2+-Mg2+ inter-mainlayer 
separation (со) and the shortest OH-OH separation (ao). 
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Figure 1.2: Model of the brucite structure. 
In Hydrotalcite a part of the Mg2+ ions is replaced by Al3+. The main layers are then 
positively charged and consequently this charge has to be counterbalanced by anions. The 
anions are located in between the mainlayers (the interlayer). The structure of hydrotalcite 
differs from the structure of brucite in a subtle way, due to a different stacking of the hydroxide 
sheets. Consider a cubic close packing of hydroxide ions. The ions of the third sheet are not 
located above those of the first sheet, see figure 1.3. Thus we can label the sheets А, В and C. The 
stacking of hydroxide sheets for hydrotalcite is now as follows: -AB-BC-CA-AB-..., see figure 
1.4. The consequence of the different stacking is that the unit cell parameter со is now equal to 
three times the metal ion interlayer separation. Furthermore the unit cell is rhombohedral and 
thus the space group symbol is R3ml. 
Applications of hydrotalcite 
Hydrotalcite type materials were already described more than fifty years ago by Feitknecht and 
Fischer.3 The conventional synthesis is carried out via a precipitation reaction by adding to a 
solution of divalent and trivalent metal salts (in the desired molar ratio) a solution of a hydroxide 
salt, or vice versa. 
In the last twenty years an increasing interest in these materials has arisen. Hydrotalcite-
like compounds possess exchange capabilities for organic and inorganic anions.4- '" For these 
purposes, crystallites of hydrotalcites should have a diameter of 0.1 μιτι, or less. Conventionally 
synthesized crystallites are typically 1 /ш in diameter. Sufficiently small crystallites can be 
obtained with a modified precipitation technique, known as flash-precipitation.10 Interlayer 
water can be exchanged for other neutral polar (organic) molecules, e.g. ethanediol.9,10 The 
interlayers can be used as a two dimensional matrix for various chemical and photochemical 
5 
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Figure 1.3: Cubic close packing of hydroxide ions. 
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Figure 1.4: Model of the Hydrotalcite structure. 
reactions.9-'3 Interlayer anions, e.g. Cl~ or CHjO-, can catalyze chemical reactions.14 Double 
layered hydroxides can be used as Brönsted basic catalysts in organic condensation reactions.15 
To make the interlayers more accessible to organic substrates, double layered hydroxides can be 
pillared with polymetallate anions, e.g. VmO^ . ,6"23 Controlled heat treatment of hydrotalcite 
type materials can result in mixed metal alumina like catalysts, suitable for organic reactions.24 29 
A very recent application is the use of a NiAl-type layered double hydroxide as an electrode 
in Ni/Cd or N1/H2 batteries.30 In industry, double layered hydroxides are applied mainly for 
neutralizing Br0nsted acids and adsorbing various molecules.10 
6 
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Figure 1.5: Positions for Ag+ in NaA zeolite. Vertices represent Al3 + or Si 4 + ions, lines 
represent oxygen bridges. 
1.3 Ag-NaA zeolite 
Cation positions 
The structure of NaA zeolite is very well known and is described for example by Janssen,31 but 
the structure can also be found in most inorganic textbooks. 
NaA zeolite contains 12 Na+ ions per unit cell, all located in the α-cage, but close to the 
square, hexagonal and octagonal windows. All Na+ ions can be exchanged for Ag"1" ions. A 
sample in which η Na+ ions are exchanged for η Ag+ ions we denote Ag„-NaA zeolite. 
In Ag„-NaA zeolite the Ag+ ions have positions only in or close to the hexagonal window,32,33 
see figure 1.5. In the figure four /9-cages, connected to form the octagonal window, are shown. 
Also three Ag+ ions at the three possible sites are shown. The sites are labeled according to Kim 
and Seff.33 
For silver concentrations lower than one Ag+ per unit cell (n < 1 ) Ag+ preferential ly occupies 
site S2', inside the #-cage. For higher silver loadings also sites S2, at the center of the hexagonal 
window, and S2*, near the hexagonal window but displaced in the α-cage, are occupied. 
Applications of Ag-NaA zeolite 
Ag-NaA zeolite attracted attention since it is a well-defined system of high symmetry containing 
a transition metal which has already been studied a great deal because of its catalytic and 
photographic properties. 
Van Boeckel et al. introduced Ag-NaA zeolite аъ a promoter for /3-gIycosidic bond 
formation.34 Whitfield et al. revealed stereo-selectivity in the reaction product if Ag-NaA 
zeolite was used for this purpose.35 Recently Zhang et al. showed that Ag-NaA zeolite, as well 
7 
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Figure 1.6: Formation of various aluminum hydrates. 
as other silver loaded types of zeolite, can be used as effective adsorbents for NO
x
 molecules 
from polluted air.36 Another recent field of research was opened by Calzaferri et al and concerns 
the use of Ag-NaA zeolite as an electrode.37 The same group introduced Ag-NaA zeolite as a 
possible coupler between the oxidative and reductive part of an artificial photosynthesis system.38 
The use of NaA zeolite as a matrix to stabilise transient species, in particular silver compounds, 
is on its own interesting from an academical point of view. In Ag-NaA zeolite, after chemical 
reduction or reduction after X- or 7-irradiation, numerous silver particles can be stabilised and 
studied in detail.32·39-43 Especially the formation of silver clusters attracted much interest. The 
experimental characterization of the stabilised silver particles and clusters enables a comparison 
with results obtained in silver vapours,44 other matrices45-51 and with the results of theoretical 
ab initio calculations of such particles.52-63 Other interesting comparisons might be made with 
inorganic coordination chemistry compounds. 
1.4 Aluminum borates 
Aluminum borates are strongly related to aluminas. Aluminas are simpler systems, therefore we 
shall first discuss aluminas and then proceed to aluminum borates. 
Formation of various alumina hydrates 64 
Alumina (AI2O3) (and aluminum borate) is obtained by controlled heat treatment (calcination) 
of aqueous solutions containing Al3+ (and B3+) ions. The heat treatment procedure usually 
comprises a gradual heating of the reaction mixture, starting from room temperature, going up 
to temperatures above 1100 ° C. Various phases are formed during heating. 
The first precipitate is a gel-like phase containing boehmite microcrystals (AI2O3H2O or 
AIO(OH)). If this gel is aged at 40 °C bayerite is formed (A1203-3H20 or A10(OH)3). The 
8 
1.4. ALUMINUM BORATES 
о °
2
-
Figure 1.7: Occupied octahedral positions in α-alumina. 
bayerite, which is in an amorphous phase, can be filtered, dried and then calcined (T = 600°C) 
to give jj-alumina. A second possibility is to calcine (T = 600°C) the bayerite phase, without 
filtering and drying, then 7-alumina is formed. On calcining to Τ > 1100°C both η- and 
7-alumina give crystalline a-alumina. 
The various stages are summarised in figure 1.6. There are more intermediate phases and 
types of alumina and alumina hydrates involved in the calcination process. They are not shown 
in the figure. The most important forms of alumina are a-, 7- and ^-alumina. α-Alumina is 
the most well-defined and simplest form of alumina, 7- and 77-alumina are the most widely used 
catalysts and catalyst supports in industry. 
The structure of α-alumina M 
The oxygen atoms in α-alumina are arranged according to the hexagonal close packed structure 
(see also figures 1.1 and 1.2). Between every two layers of oxygen atoms there exist octahedral 
and tetrahedral holes in a ratio of 1:2. In α-alumina two out of every three octahedral holes are 
occupied by Al3+, in an ordered way (see figure 1.7) and the tetrahedral holes are empty. Now 
the net charge is zero and the stoichiometry is in accordance with the formula АІгОз. 
The structure of 7- and r/-alumina 6 5 
In η- and 7-alumina also tetrahedral sites can be occupied by Al3+ ions. Furthermore, in contrast 
to α-alumina, in η- and 7-alumina the oxygen atoms are arranged in a cubic close packed 
structure (see also figure 1.3). 
In »/-alumina two different two-dimensional distributions of Al3+ ions can be discerned (see 
figure 1.8). In distribution I, with non-occupied tetrahedral sites, | of the octahedral sites are 
occupied by Al3+ ions in an ordered way. In a close packing structure equal amounts of spheres 
and octahedral sites exist. Thus for every 02~ ion we count =j of an Al3+ ion, giving an excess 
charge of +\ per O 2 - ion. For the stoichiometric unit АЬОэ the excess charge is + | , and for 
the unit Al80]2, the excess charge is +3. Now the excess charge is counterbalanced by removal 
of one out of every eight Al3+ ions. Thus one in eight Al3+ sites is vacant, the vacancies being 
distributed over the cation positions. 
9 
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distribution I „ distribution II 
°°3+ 
о Al at tetrahedral position 
• Al at octahedral position 
Figure 1.8: Occupied tetrahedral and octahedral positions in »/-alumina. 
Distribution II can be obtained from distribution I by transferring | of the Al3+ ions to 
tetrahedral sites. The structure of »7-alumina is a cubic close packed oxygen lattice in which 
distributions I and II occur in the alternating sequence I-II-I-II- In distribution II the ratio of 
occupied tetrahedral to occupied octahedral sites is 2:1, in distribution I only octahedral sites are 
occupied, thus the total ratio of occupied tetrahedral to occupied octahedral sites is 1:2. 
For the discussion of the structure of 7-alumina it is more comfortable to consider the (110) 
crystal plane. This plane is indicated in figure 1.9 where the unit cell for a cubic close packed 
lattice is shown. In the figure we can discern oxygen atoms belonging to either sheet A, B, or 
C. Parallel to the (110) crystal plane we can again discern two cation distributions as indicated in 
figure 1.10 by III and IV. In distribution III half of the octahedral sites are occupied by Al3+ ions, 
resulting in an excess charge of — \ per O 2 - ion. In distribution IV half of the octahedral sites 
and an equal amount of tetrahedral sites (a quarter of the total amount of tetrahedral sites) are 
occupied by Al3+ ions, resulting in an excess charge of +1 per O 2 - ion. Thus also for 7-alumina 
there exist an overall excess charge of+-' per 02~ ion. Again this is counterbalanced by cation 
vacancies (one per eight Al3+ positions), distributed over the tetrahedral and octahedral sites. 
In the cubic close packed lattice of 7-alumina, distributions III and IV occur in the alternating 
sequence HI-IV-III-.... In distribution III only octahedral sites are occupied, in distribution IV 
the number of occupied octahedral sites is equal to that of the tetrahedral sites and that of the 
octahedral sites in distribution III. This means that also for 7-alumina the ratio of occupied 
tetrahedral to octahedral sites is 1:2. 
The ratios, for the number of occupied tetrahedral to occupied octahedral sites, should not be 
taken too conclusively. First, small deviations can occur since for different preparation methods 
different distributions of the cation vacancies over tetrahedral and octahedral sites are possible. 
Second, the ratios are correct for large crystals. However, 7- and »/-alumina always have small 
crystallite sizes. In general 7-alumina has more occupied tetrahedral sites than »7-alumina. 
It is very interesting to note that 7- and »/-alumina are believed to have different preferentiably 
exposed faces. For »/-alumina this face is parallel to the plane (111) and for 7-alumina parallel 
10 
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Figure 1.9: Unit cell for a cubic close packed lattice. In the figure the (110) plane is indicated. 
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° Al at tetrahedral position 
• Al at octahedral position 
Figure 1.10: Occupied tetrahedral and octahedral positions in γ-alumina. The two sheets 
are stacked at relative positions indicated by the rectangles. 
to the plane (110). 
The effects of dehydration, a closer look at alumina formation 64 
The process of heat treatment can be considered partly as a process of dehydration. The first 
step of the aluminum hydrate formation is the precipitation of solvated AI3+: 
Al(H20)¿+(aq) + 30rT(aq) ^ 3H20(1) + Al(OH)3(H20)3(s) (1) 
The boehmite gel comprises the solid of reaction 1. The next step is a further dehydration of the 
11 
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aluminum hydroxides, which converts the hydroxides to oxides, summarised as: 
OH" + OH" —> О 2 - + D + H 2 0 (2) 
where D denotes a vacancy. If the two hydroxyls are on the same surface, then the vacancy 
and the O 2 - also remain on the surface, eventually O 2 - takes up a proton to give surface OH~ 
groups. If the two hydroxyls are on different surfaces, then O 2 - can unite with the vacancy to 
form an oxygen bridge, enabling the crystallites to grow. 
Due to reaction 2 7- and //-alumina contain vacancies and surface OH~ groups and conse­
quently the phases are amorphous. It is known that the surface areas of 7- and 7?-alumina are high 
(~ 250 m2/g), this means that there is a high concentration of vacancies and surface hydroxyl 
groups. 
Eventually, in the final stage of the heat treatment, all vacancies and all hydroxyl groups are 
replaced by oxygen bridges, resulting crystalline α-alumina, in which there are no vacancies and 
no hydroxyl groups. 
We note that the common formulas 7-AI2O3 and 77-AI2O3 neither give any information on the 
hydroxyl groups nor on the vacancies. Since we are interested in the local structure of aluminas 
it is desirable to have a formula which accounts for the hydroxyl groups and the vacancies. This 
is the subject of the next subsection. 
7-alumina viewed as defect oxyhydroxides ^ 
We will restrict ourselves to 7-alumina, since no results on 77-alumina are presented in this thesis. 
The structure of 7-alumina resembles the spinel (A^MgO,») structure. This structure can be 
visualised by a cubic close packed oxygen lattice, in which one eighth of the tetrahedral sites are 
occupied by Mg2+ ions and one half of the octahedral sites are occupied by Al3+ ions. The unit 
cell formula is Al)6Mge032. The unit cell contains 64 tetrahedral and 32 octahedral sites. 
Starting from the spinel structure with net formula A^MgC^ we can arrive at the alumina 
stoichiometry by replacing two third of the Mg2+ ions by Al3+ ions and take out the remaining 
third. We then arrive at the net formula AI2AI2O4, indeed equivalent to AI2O3. If we want to 
account for the vacancies, created by removing the Mg2+ ions, we can write: 
AleDi0 4 
This formula is accurate for large crystallites with a very low concentration of surface hydroxyl 
groups. However, we already noted the high surface area of 7-alumina which means that there 
are many OH~-groups. These OH~ groups must be taken into account in our formula. Therefore 
we replace \ O2" ions by у OH" ions. Since we place more ions than we take away, and since 
we do not have large crystallites, the number of vacancies also changes. We denote the number 
of vacancies with χ and arrive at the formula: 
AliDxO(4_ï)(OH)y 
The parameters χ and у are mutually dependent. We can derive their relation from the ratio 
of cation sites/anion sites in the spinel structure, which must remain equal to \ in our alumina 
12 
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structure taking into account the number of vacancies. This results in 
f + x 3 _ 1 3 
4 - | + y _ 4 < ^ X ~ 3 + 8 y 
Substituting χ gives the desired formula: 
А1 |Ц 1 + | у ) 0 ( 4 _„(ОН), 
If all hydroxyl groups are removed via dehydration (T > 1100°C) we produce 
AljUj+idíVij íOH), ~-^° ^Q-A1203 
The validity of this formulation was proven by Soled ^ in a weight loss experiment for heat 
treatment temperatures from 200 °C to 1200 °C. 
The structure of aluminum borates 67 
The structure of aluminum borates is based on the structure of alumina. B3+ can be surrounded 
by three or four oxygen atoms. We can replace Al3+ in a tetrahedral site by B3+, however, B3+ 
prefers a trigonal coordination with oxygen. The combination of vacancies, OH~ surface groups, 
possible coordinations for Al3+ (4,5 or 6) and for B3+ (3 or 4) leads to a variety of possibilities 
for linking Al3+ and B3+ via oxygen bridges. It is therefore not surprising that a synthesis of 
an aluminum borate material almost always leads to random networks and an amorphous phase. 
Only for a few stoichiometric ratios for Al, В and О, crystalline phases can occur. Bunker et 
al.67 presented a simple model to predict ratios for Al, В and О in crystalline phases of aluminum 
borates. The model is based on ionic electrostatic interactions only. 
The general effect of replacing Al3+ by B 3 + in the synthesis is an increase of the surface 
area accompanied by a decrease of the crystallinity of the products. This effect is illustrated by 
comparing the typical pore sizes for alumina and aluminum borates. For alumina the pore size 
is typically 120 Â, and for aluminum borate typically 80 À.68 
From amorphous aluminum borates crystalline materials can be obtained by high temperature 
hydrothermal treatment or very high temperature heat treatment, but then the ratios of Al, В and 
О are different for amorphous and crystalline phases. 
Applications of aluminum borates 
Just as aluminas, aluminum borates possess surface acidity and have been used as solid acid 
catalysts.69 An example is the catalysis of the Beekman rearrangement of oximes.70 Aluminum 
borates can also be used as catalyst support material, for example support for a CoMo hydrosul-
furisation catalyst.68 Since aluminum borate glasses are very resistant to attack by alkali metals, 
they are important as sealing glasses and as separators in batteries.71 
13 
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1.5 Organisation of this thesis 
In chapter 2 some remarks will be made about Cu2+ complexes of distorted Oh and Du symmetry 
and about silver clusters of various symmetry, charge and nuclearity. These remarks serve as 
background information for a better understanding of chapter 3 where the EPR results on Cu2+ 
doped in portlandite, brucite and hydrotalcite are presented, and of chapters 5, 6 and 7 which 
deal with silver clusters. Chapter 4 contains the Ή and 1 3C NMR results on the ordering of 
water and carbonate anions in hydrotalcite. 
Silver clusters in NaA zeolite are the subject of chapters 5-7. In chapter 5 the EPR spectrum 
of the Ag2+ cluster, stabilised in dehydrated NaA zeolite, is discussed in detail. Important 
comparisons with theoretical results will be made. In hydrated NaA zeolite other small silver 
clusters are stabilised. The EPR spectra of these other clusters are the subject of chapter 6. In 
chapter 7 comparisons are made between results obtained for dehydrated and hydrated Ag-NaA 
zeolite. Furthermore, in chapter 7 ESEEM results are presented which demonstrate interactions 
of the various silver clusters with adsorbed molecules (D20, CD3OD) and with the zeolite 
framework (27A1). 
In chapter 8 the formation of amorphous aluminum borates as studied by EPR and NMR 
is discussed. With 27A1 NMR the coordination of Al can be studied as a function of sample 
composition and heat treatment temperature. In the reaction steps, leading to the formation of 
the aluminum borates, paramagnetic molecules are formed (NO, N0 2 and O2). These molecules 
can be studied by EPR. The NMR and EPR results confirm and complement each other. 
Chapters 3-8 were each published separately as papers. 
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Chapter 2 
Theory 
In this chapter, some qualitative remarks are made about Cu2+ complexes of various symmetries 
and about silver clusters of different nuclearity and symmetry. The dependence of the EPR 
parameters on the metal site symmetry is discussed briefly. For the Ag|¡+ clusters, the symmetry 
of the highest occupied molecular orbital (HOMO) is derived. Based on this, predictions can be 
made about the type of EPR spectra to be observed. 
2.1 Cu2+ in distorted octahedral environments 
The paramagnetic Cu2+ ion, a 3d9 system, is used intensively by EPR spectroscopists to probe 
an environment via interactions of the unpaired electron with the environment. In the inorganic 
compounds which we wish to study here, a small part, typically < 1%, of the metal ions is 
replaced by Cu2+ ions. The replacement can be achieved by adding during the synthesis of the 
compound the appropriate amount of Cu2+ ions to the reaction mixture. In the experiments, 
presented in this thesis, Cu2+ will be placed in inorganic compounds in which the coordination 
to the metal cations is octahedral or distorted octahedral. It is therefore of importance to review 
shortly the behaviour of a Cu2+ ion in octahedral and distorted octahedral environments. 
Splitting of d orbitals in octahedral and tetragonal environments 
The properties of the Cu2+ ion are determined for a considerable part by its 3d electrons. The 
ground state configuration of Cu2+ can be described by the term symbol 2D. Thus the ground 
state of the free ion is orbitally five-fold degenerate. This degeneracy can be removed by electric 
fields arising from ligands. Using group theory the effect of the environment on the orbital 
degeneracy of the free ion can be easily derived. In this section we consider the effects of 
electric fields arising from an octahedral ligand coordination. For deriving the influence of this 
on the degeneracy of the 2D state of Cu2+ it is sufficient to consider the symmetry operations 
C2, C-i and C4 of the group 0. The characters of the matrices representing these symmetry 
operations can be found by applying the equation 
X(Q) = 2(cos(2a) + cos(a)) + 1 (2.1) 
CHAPTER! THEORY 
energy 
0 L D 4h 
2g 
В 
ig 
1
 \ 
В 2g 
Figure 2.1: Qualitative energy level diagrams for d orbitals in octahedral and tetragon al I у 
distorted octahedral symmetry. 
where α is the angle of rotation. Applying this to the above mentioned symmetry operations it 
is found that the characters of the reducible representation, Γ, based on the 3d functions are 
OK 8C3 
- 1 
ЗС2 6C4 6C2 
1 - 1 
(2.2) 
This representation can be reduced to the irreducible representations E and Γ2. Hence the 
octahedral electric field splits the five-fold degenerate state into two, one doubly degenerate 
state denoted by E and one triply degenerate state denoted by T2. Since the d functions are 
even (gerade) functions the symbol g is added as a subscript (Eg and T2g). It is clear that in the 
orthogonal situation, orbitals dKy, dxz and dyz belong to T2 and the orbitals dxi_y2 and dz2 to Eg. 
In figure 2.1 schematically the energy level diagram has been given. That the Eg levels lie above 
the Tig levels follows from the fact that the Eg orbitals point to the ligands. 
The ultimate conclusion is sofar that the ground state of Cu2+ in an octahedral ligand field is 
still degenerate. This is in violation with the Jahn-Teller (J.T.) theorem1 which states that orbital 
degeneracy in non-linear molecular systems never persists. There are always spontaneous 
distortions to a nuclear configuration of reduced symmetry, leaving a state with only Kramers 
degeneracy. In figure 2.1 the situation is sketched for a tetragonal distortion leading to an 
elongation along one of the tetragonal axes (static J.T. effect). From the figure follows that the 
energy gained by the J.T. distortion is \8. If there are several configurations with equal (or 
almost equal) energies there may be jumps between these, the jump rate being dependent on 
the temperature and the energy barrier height. Such a 'dynamic' J.T. effect manifests itself in 
the EPR spectra. The complete description of this effect requires a detailed examination of the 
interaction between the electrons and the vibrating nuclei.2 
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Figure 2.2: Qualitative energy level diagrams for d orbitals in octahedral and trigonally 
distorted octahedral symmetry. 
Splitting of d orbitals in trigonally distorted octahedral environments 
We now consider a system in which the metal ions, surrounded by six ligands, are in a site 
with D-α symmetry. Such a system can be visualized by placing the ligands on the vertices of a 
trigonally distorted octahedron. A trigonally distorted octahedron has а Сз axis and perpendicular 
to this axis three C2 axes, furthermore there are three reflection planes denoted by a¿. These are 
the symmetry elements of the group D-¡¿. 
The characters of the reducible representation based on the 3d functions are: 
(2.3) 
This representation can be reduced to Alg + Eg + Eg. The singlet wave function must be the 
ά
ζ
ι orbital, since this orbital is symmetric to all symmetry operations. If the distortion of the 
octahedral coordination is a compression along the trigonal axis, it is clear that the d
z
z orbital 
has the lowest energy. The qualitative energy level scheme is shown in figure 2.2. We see that 
the degeneracy of the Eg functions in octahedral symmetry is not lifted in trigonally distorted 
octahedral symmetry. Accordingly a Jahn-Teller effect is expected and the symmetry will be 
lowered. The way in which the complex is distorted, is described by Holuj and Wilson.3 In their 
paper they give the normal modes of the nuclear vibrations. These authors show that there is an 
axis of elongation, running through two ligands and the central metal cation, but simultaneously 
the distance to the other ligands is changed. The total symmetry was found to be Ci. 
Consequences for the g tensor of Cu2+ complexes 
The interaction of the unpaired electron with an external magnetic field В can be described by a 
hamiltonian of the form 
H = ßSMB (2.4) 
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where β is the Bohrmagneton and S the vector operator of the electron spin. The vector S is 
coupled to the effective magnetic field § B. If the angular momentum of the system is only due 
to the spin of the unpaired electron, then the g tensor would be isotropic with a value of 2.00232, 
the free electron g value. In a molecule or ion, however, the electron spin angular momentum is 
coupled to the orbital angular momentum. This spin-orbit interaction is described by: 
Hso = AL.S (2.5) 
where L is the vector operator of the orbital angular momentum. The effect of the LS coupling 
is to mix into the ground state a small amount of other states, which might have orbital angular 
momentum. The combined effect of the orbital angular momentum and the magnetic field upon 
the electron spin can be written as: 
g = ge + 2AA (2.6) 
where 
v
 (G|C|n)(n|f,lG) 
л
и - 2 ^ (о) p(0) \¿· 'I 
G denotes the ground state, η the other states, L, and L, are the orbital angular momentum 
operators appropriate for the x, y or ζ directions, E<0) is the orbital energy of the spin-only state. 
Inspecting equation 2.7 we may note that the deviation of ge can be either positive or negative. 
This is determined by the balance between the contributions from states having E¡,°' larger or 
smaller than E¿ . 
Since the symmetry of all the states depends on the symmetry of the environment, it is not 
surprising that the g tensor reflects this symmetry. If axial symmetry exists, the g tensor will also 
be axial, having the parallel axis along the symmetry axis. If the environment has no symmetry, 
the g tensor will be rhombic. 
Summarising the previous sections we can distinguish two situations for Cu2+ ions in host 
matrices. First, if the undoped material of interest has Oh. symmetry at the site where the Cu2+ 
ion replaces another metal ion, the symmetry will be lowered to D4^ and the g tensor of the Cu2+ 
ion will be axial having its unique axis in the direction of the C\ axis. Second, for the case of a 
site with Dij symmetry, the replacement of a metal ion by Cu2+ will lead also to a lowering of 
the symmetry and a rhombic tensor is expected. However, in practice, the rhombicity is often 
too small to be detected and we measure then again an axial g tensor. For the case of Cu2+ doped 
into crystalline Са(ОН)г, a system with point symmetry D-ц at the metal site,4 the orientation of 
the g tensor was measured by Holuj and Wilson.3,5 Although it was expected that the g tensor 
would be rhombic, an axial tensor was found. For D-ц symmetry with six coordinating ligands 
there are three planes, related by C3 symmetry operations, which contain four ligands. The 
unique direction of the g tensor stands perpendicular to one of these planes and does not coincide 
with the distortion direction, which is along the two out-of-plane ligands and the Cu2+ ion. For 
clarity the orientation of the g tensor with respect to the ligands is given in figure 2.3. If the 
D3d complex is compressed along the C3 axis then the unique direction of the g tensor is rotated 
towards the C3 axis. If the complex is elongated, the unique direction is rotated away from the 
C3 axis. 
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elongation direction 
Figure 2.3: Orientation of the g tensor of Cu2+ in Ca(OH)2. The site symmetry is DM- The 
g tensor is axial with the perpendicular directions (x and y) lying in the plane formed by 
ligands 1,2,4 and 5. The unique direction (z) does nol coincide with the distortion direction, 
running through the ligands 3 and 6. 
It may be concluded so far that EPR experiments are not able to distinguish between tetra-
gonale distorted Oh Cu2+ sites and distorted D-¡¿ Cu2+ sites. In both cases axial tensors will 
be found for the three static J.T. sites. However, there is a difference in the mutual orientation 
of the three unique axes of the g tensors of the static J.T. sites with respect to the three-fold C3 
axis. For both cases these axes can be transformed into each other by а y rotation along the C3 
axis, but the angle with the C3 axis is different for the two cases. This difference will lead to a 
difference in the high temperature EPR spectra (dynamic J.T. effect). We shall show that for the 
case of a Jahn-Teller effect with tetragonal distortion of the octahedral symmetry the averaged g 
tensor will be isotropic, whereas for the case of a distorted trigonal coordination the averaged g 
tensor remains axial, having its unique axis aligned along the C3 axis. 
We choose local axis systems in which the ζ axes will be along the unique direction for the g 
tensors. The local axis systems are shown in figure 2.4. As can be inferred from the figure, we 
can express the orientation of the local g tensors with respect to the C3 axis by the euler angles 
(a, — y ) , (a, + y ) and (a, 0). The g tensor expressed in the local axis system is 
/ gx 0 0 
I
a
 = lb = Ic = 0 gj. 0 
V 0 0 g|| 
(2.8) 
To calculate the averaged tensors we must express the tensors in a common axis system. To this 
end we transform first the g tensors to an axis system with the new ζ axis along the C-¡ axis. 
This requires a rotation over angle a around the local y axes. The result for all three tensors, 
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a. b. 
Figure 2.4: Local axis systems for the three possible orientations (a, b and c) of the g tensor, 
(a) Orientation of the three unique axes of the g tensor, (b) Top view along the C3 axis. 
Orientation of the ζ and y axes. The projections of the ζ and y axes on the plane perpendicular 
to the 6"з axis are shown. 
expressed in their own new local axis system is: 
— I - I — / 
oa bb c c 
1
 gj_cos2a + g\\sin2a 0 sinacosa (g± — gyl 
0 g± 0 
\ sinacosa (gL — g||J 0 g±sin2a + g\\cos2a 
(2.9) 
Next we transform the tensors g
a
' and g\ such that their new у axes are parallel to the у axis of 
tensor g
c
'. For both g
a
' and gh' the rotations are around their ζ axis, which is the C3 axis, but for 
g
a
' we rotate over an angle — у and for gb' over an angle + y . The necessary rotation matrix is: 
±\s/b 0 
R= т З -\ (2.10) 
V 0 0 1 у 
where the upper sign refers to g
a
 and the lower sign to gh. The transformed tensors ga and gb 
are: 
^ ( g i ^ ^ + g l l ^ ^ + fg-i- ±x(gj.«M¡2or+g||.sín2tt-g.i.) -{sinacosa (ßL-g\^ 
±^ (gs.cos2a + g\¡sin2a-g^ l(giCos2a+gnsin2a) +\gL ψ ^sinacosa (g±-g | | ) 
\ 'sinacosa ( g i - g | | ) ^Ystnacosa(g±-g\\) •20« 2 gj_sin a+g\\cos a , (2.11) 
Now the three tensors are expressed in a common axis system so that they can be averaged. The 
average tensor is diagonal and axial, the average principal tensor values, indicated by primes, 
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gì ' = \ (gj.cos2a + g||sm2a +
 g l ) 
g||' = g lS¿n 2 Q + g||COS2Q 
For the case of a tetragonally distorted octahedral coordination, cosa — %J\ (a = 54.7", the 
'magic' angle) and the average tensor is isotropic. For an octahedron compressed along the C3 
axis angle α is smaller than 54.7°, for an elongated octahedron it is larger than 54.7°. Hence the 
g tensor remains uniaxial, having its unique axis along the Ci axis. 
Note that if gj_, gy, g'
x
 and gy are known, the angle a, which expresses the degree of the 
trigonal distortion, can be calculated. 
2.2 Aspects of EPR on silver clusters 
Formation of silver clusters by X-ray irradiation 
Ag+ ions in silver loaded zeolites are usually dispersed and tightly bound to the lattice, see 
figure 1.5. The tight binding is of course due to the electrostatic interaction of the Ag+ ion with 
the negatively charged zeolite lattice. X-ray irradiation produces photo-electrons which can be 
ejected from the zeolite lattice, from adsorbed molecules like H2O or from Ag+ (giving Ag2+). 
The photo-electrons can be captured by Ag+ thus forming Ag°. These neutral Ag° atoms are 
more mobile than Ag+ ions since they bear no charge. If the irradiation is carried out at low 
temperature (77 K) then the Ag° atoms are still bound to the lattice. Upon annealing, the Ag° 
atoms start to migrate through the lattice until they combine with other silver atoms or ions, thus 
producing silver clusters. 
Paramagnetic silver clusters 
Ag+ is a closed shell 4d10 system and is therefore relatively stable. Ag° is a 5s1 system and is 
paramagnetic. We denote a silver cluster by Ag¡¡,+. For convenience we assume that the cluster 
is formed by m Ag° atoms after which the cluster might ionize. It is not likely that η > m since 
this would require the removal of at least one tightly bound 4d electron. Placing two electrons 
in one energy level one finds that Ag¡},+ is paramagnetic only if η < m and if m + η is an odd 
number. For clusters up to six Ag nuclei the following clusters are paramagnetic: AgJ, Ag", 
Ag2+, Ag+, Ag<3+, Ag», Ag2+, Ag*+, Ag+, Ag3/ and Ag¿+. 
Knowledge of the symmetry of the HOMO, containing the unpaired electron, helps to 
understand the EPR spectra of the clusters. As an example the molecular orbitals of the trimeric 
cluster Ag5+ are discussed. It will be shown that the characteristics of the HOMO determine to 
a great extent the EPR parameters. 
Symmetry adapted linear combinations for the Ag"+ system 
Figure 2.5 depicts the local coordinate systems of the equilateral trimer Ag"+. This cluster 
system belongs to the point group D^. 
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Figure 2.5: Local coordinate systems for the equilateral Ag!¡+ system. The silver nuclei are 
labeled 1,2 and 3. The ζ axes point out of the plane. 
Let us first consider the 5s electrons. The characters of the reducible representation, Γ , 
based on the 5s functions are: 
(2.13) 
The representation can be reduced to A[ + E'. The A[ function should be invariant under all 
symmetry operations of the group D3h. It is obvious that the only possibility is s(l) + s(2) + s(3) 
(unnormalized). The degenerate E' functions can be found with the aid of the character table 
of the D-ih group and are 2s(l) - s(2) - s(3) and s(2) - s(3) (unnormalized). Clearly the A\ 
function is energetically more favourable than the E' functions. 
Next we consider the 5p, orbitals. The characters of the reducible representation based on 
these orbitals are: 
D ih. E 2СЛ 3C\ Vh 2S% 3σ
ν 
О О 
(2.14) 
which can be reduced to the irreducible representation A'2 and E'. The A'2 function has the form 
Px(l) + Px(2) + Px(3) and the E' functions have the form 2p
x
(l) - p
x
(2) - p
x
(3) and Py(2) - Px(3). 
By investigating in the same way the other 5p as well as the 4d orbitals we find the symmetry 
adapted linear combination (SALC) functions listed in table 2.1. 
If we discard for the moment the bonding due to 4d and 5p orbitals, we have a three level 
energy scheme in which we can place the 5s electrons of the individual Ag° atoms. The lowest 
level of the three has A\ symmetry. The two highest levels are degenerate and have E' symmetry. 
Below the A\ level are filled 4d levels and above the degenerate E' levels are unoccupied 5p 
levels. For the paramagnetic trimer Ag^ we have to place three electrons in the energy level 
scheme thus the HOMO has E' symmetry. For the paramagnetic trimer Agj+ the HOMO has A\ 
symmetry. This difference in symmetry has major consequences for the EPR spectrum. Agí} is a 
26 
2.2. ASPECTS OF EPR ON SILVER CLUSTERS 
Representation 
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d
z
2 
dxz 
Pz 
dyz 
Pz 
Pz 
dxz 
dxz 
dyz 
dyz 
SALC 
s(l) + s(2) + s(3) 
Py(l) + p y(2) + py(3) 
(1,2(1) + d22(2) + dz2(3) 
d
x
2_
v
20)+d
x
2_
v
2(2) + d
x
2_
v
2(3) 
p
x
(l) + Px(2) + p
x
(3) 
dxy(l) + dxy(2) + d
x
y(3) 
2s(l)-s(2)-s(3) 
s(2)-s(3) 
2ρ
χ
(1)-ρχ(2)-ρ
χ
(3) 
Px(2)-Px(3) 
2py(l)-py(2)-py(3) 
py(2) - py(3) 
2d
x
2_ y 2 ( l) - dx2_y2(2) - dx2_y2(3) 
d
x
2_ y 2(2) - d x2_ y 2(3) 
2 d
x y ( l ) - d x y ( 2 ) - d x y ( 3 ) 
dXy(2) - dxy(3) 
2d
z 2(l)-d z 2(2)-d z2(3) 
d
z 2(2)-dz 2(3) 
dxz(l) + dxz(2) + d
x z
(3) 
Pz(l) + pz(2)+p
z
(3) 
d y z(l) + dyz(2) + dyz(3) 
2p
z
(l)-p
z
(2)-p
z
(3) 
Pz(2)-Pz(3) 
2dxz(l)-d,z(2)-d
xz
(3) 
dxz(2) - d
xz
(3) 
2d y 2 (l)-d y z (2)-d y z (3) 
d y z(2)-d y z(3) 
Table 2.1: Symmetry adapted linear combinations of 4d, Ss and Sp atomic orbitali for the 
Ag5+ cluster. 
non-linear molecule in a degenerate state and thus susceptible to Jahn-Teller distortions, whereas 
Agj+ will stay equilateral. In the case of Ag3+ the EPR spectrum will exhibit a hyperfine 
splitting due to three equivalent Ag nuclei whereas the Ag nuclei in the molecule Ag" will not 
be equivalent as a result of the J.T. distortion. This will lead to a totally different EPR spectrum. 
Of course the /1', and E' functions will have contributions from SALC functions of the same 
symmetry. For example the HOMO of the Ag3+ (Л\) may be described as: 
c,[s(l)+s(2) + s(3)] +
 ε 2[ρ,(1) + ργ(2) + ρ,(3)] + 
сз [d
z
2(l) + (U2) + d
z2(3)] + C4 [dx2_y2(l) + d„2_y2(2) + dx2_y2(3)] [¿-"> 
Clearly in first order the silver hyperfine splitting will be isotropic. 
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The g tensor of Agj 
As mentioned above, the g tensor can be anisotropic due to the coupling of the spin angular 
momentum with the orbital angular momentum (equation 2.7). It can be inferred that only SALC 
functions transforming as A'2 and E" are coupled via the orbital angular momentum operator to 
the HOMO (A\) of the Agj+ cluster. For the ζ direction of the g tensor the A2 orbitals couple 
with the HOMO of symmetry A[, for the χ and y directions the E" orbitals are effective. Since 
coupling to the lower lying d levels will lead to a positive deviation from g
e
 and coupling to the 
higher lying ρ levels to a negative deviation, it cannot be predicted what the overall deviation will 
be. Arratia-Perez and Malli,6 using a (relativistic) Dirac scattered-wave method to calculate the 
Ag3+ cluster, found a g tensor with components smaller than gt, implying that the unoccupied 
5p functions have a larger influence than the 4d functions. 
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Chapter 3 
An EPR Study of Cu2+ Doped Portlandite, Brucite 
and Hydrotalcite* 
A. van der Pol, G.M. Peters, E.J. Reijerse, E. de Boer 
J. Lewandowski and G. Geismar 
Universität Duisburg, Fachbereich 6, 
Biologie-Chemie-Geographie, Anorganische Chemie, 
Postfach 101629, D-4100 DUISBURG 1, BRD 
ABSTRACT 
The powder EPR spectra of portlandite (Ca(OH)2), brucite (Mg(OH)2) and hydrotalcite 
([Mg3Al(OH)g]+ [0.5-СОз- пНгО]-), doped with ω Ο ι 2 + , have been measured as a function of tempera-
lure. In all materials a static, temperature independent Jahn-Teller site and a dynamic, temperature 
dependent Jahn-Teller site was observed. In the rapidly reorienting situation the EPR spectrum of the 
dynamic site is still anisotropic. From the observed anisotropy it could be inferred that the hydroxide ions 
surrounding the Cu2+ ion are situated at the vertices of an elongated octahedron which is compressed 
along its trigonal axis (c axis). The temperature range over which the averaged dynamic site could be 
observed varied considerably for the three materials. 
3.1 Introduction 
This paper deals with the powder EPR spectra of 6 3Cu2 + doped portlandite (Са(ОН)г), brucite 
(Mg(OH)2) and hydrotalcite ([Mg3Al(OH)8]+[0.5CO3_nH2O]-). These materials belong to 
the category of double layered compounds. Portlandite and brucite consist of layers of two 
sheets of hydroxy! groups with a sheet of Ca2+ ions (portlandite) or Mg2+ ions (brucite) between 
them. The metal ions are octahedrally surrounded by the hydroxy 1 groups. The space group of 
portlandite and brucite is P3ml. Hydrotalcite consists of brucite-type hydroxide layers in which 
part of the divalent Mg2+ cations have been substituted by the trivalent Al3+ cations. Anions in 
the interlayer compensate for the positive lattice charge and separate the hydroxide layers from 
each other. In figure 3.1 the structure of hydrotalcite is schematically represented. As indicated 
in the figure the distance between the layers is 7.6 to 7.9 Л. The interlayers can be used as a 
matrix for two-dimensional chemistry and photochemistry.1-3 The crystallographic с axis stands 
perpendicular to the layers. The space group of hydrotalcite is R3ml .4 Hydrotalcite is applied 
frequently as catalyst5-8 and as anion exchanger.9-19 
* A slightly revised version of this chapter appeared in: Appi. Magn. Reson. 1992, 3, 751. 
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7.6 - 7.9 
A 
© = Al 3+ 
= Mg 2+ 
0 = OH 
Figure 3.1 : Schematic representation of the structure of hydrotalcite. Perpendicular to the 
layers stands the cryslallographic с axis. Small open circles represent Al3 +, closed circles 
Mg 2 + and large open circles OH". 
In this study it is shown that the EPR spectra of the copper doped materials are temperature 
dependent. At least one static, temperature independent, and one dynamic, temperature depen­
dent Jahn-Teller (JT) site were observed. From the simulation of the powder EPR spectrum of 
the dynamic site measured at low temperatures it was found that the axes of the g and copper 
hyperfine tensor do not coincide and that the Cu complex is elongated along the tetragonal axis. 
The simulation of the high temperature spectra of the dynamic site indicated that in addition to 
the elongation along the tetragonal axis the Cu complex is compressed along its trigonal axis (c 
axis). Of special importance for our work is the study of Wilson et al.20,2i on JT effects in the 
EPR spectra of single crystals of Ca(OH)2 doped with Cu2 +. We will compare our results on 
powders with their results obtained on single crystals. 
3.2 Experimental 
Portlandite and brucite were prepared by adding NaOH (aq) to a solution of СаСЬ and MgCb, 
respectively. Hydrotalcite was prepared by mixing a solution of AICI3 and MgCl2 with NaOH 
(aq) and NazCOj (aq) in the required molar ratios. Subsequently the material was dried for 
16 h at 80 °C under atmospheric pressure. The amount of interlayer water could be varied 
qualitatively by varying the duration of the drying process and by changing the temperature and 
the pressure. The materials were doped with the copper isotope 63Cu by adding a trace of 63CuCh 
(aq) to the metal chloride solutions before precipitation. The concentration of 63Cu2+ was 0.1 % 
of the total amount of divalent cations in solution. It is assumed that Cu2+ replaces the divalent 
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Figure 3.2: Powder EPR spectra of 63Cu doped porllandite measured at various temperatures. 
The peaks of the temperature independent JT site are indicated with A, the peaks of the 
temperature dependent JT site with B. The microwave frequency is 9.175 GHz. 
cations as was the case in the Cu doped single crystals of portlandite.20'21 In the latter case the 
measured g tensor of Cu2+, the hyperfine structure due to the nuclear spin of the Cu nucleus and 
the superhyperfine structure due to the protons of the six ligating OH - ions are consistent with 
Cu2+ occupying the site of Ca2 +. 63Cu was purchased from Techsnabexport Moscow. 
The EPR spectra were measured with a Bruker ESP-300 X-band EPR spectrometer. The 
temperature was controlled with an Oxford Instruments ESR-9 flow cryostat. 
Spectral simulations were performed with the spin Hamiltonian program MAGRES.22 
3.3 Results and discussion 
Portlandite 
Figure 3.2 shows a number of spectra of Cu2+ doped portlandite measured at various tempera­
tures. Between 12 and 100 К the spectrum does not change. At 115 К a noticeable change can 
be observed, at higher temperatures the changes become more pronounced. Particularly new 
peaks emerge at about 298 mT. The best resolution is obtained at 205 K. Going to still higher 
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Figure 3.3: The simulated perpendicular part of the powder EPR spectrum of site В present 
in copper doped portlandite for two different values of \0 — a\. This simulation should be 
compared with the experimental spectrum measured at 12 К (see figure 3.2). 
temperatures lead to severe broadening of the new peaks. 
These phenomena can be understood in terms of two Cu2+ sites, one undergoing a static JT 
effect and one undergoing a dynamic JT effect. The peaks due to the static site we have marked 
A in the spectra shown in figure 3.2, the peaks due to the dynamic site are marked with B. In the 
magnified low field part of the spectra taken at Τ = 12 К and 115 К the peaks A of the static site 
can be clearly discerned. From the intensities of the A and В peaks it is concluded that the static 
site occurs roughly a factor of 10 less than the dynamic site. The A peaks are assigned to the 
parallel part of the static site Cu2+ spectrum. Their positions do not change with temperature 
and the peaks can be followed over the whole investigated temperature range. The peaks В of 
the dynamic site, clearly seen in the parallel part of the spectrum measured at Τ = 12 К (see 
close-up), gradually disappear as the temperature increases. The spectrum at 12 К is replaced 
by a spectrum which looks like isotropic (see the new peaks at about 298 mT). 
We analyzed spectrum В measured at 12 К taking into account the Zeeman interactions and 
the hyperfine interaction and assuming that the complex has axial symmetry. The quadrupole 
interaction, which is small for copper, has been neglected. In table 3.1 the values of the g and 
hyperfine tensor of spectrum В are listed, together with the parallel parameters of spectrum 
A. The perpendicular part of spectrum В we could only simulate by taking noncoinciding g 
and hyperfine tensors. As figure 3.3 illustrates the perpendicular part of the spectrum is quite 
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Figure 3.4: Simulations of the averaged EPR powder spectrum (rapid motion) of the dynamic 
JT site in copper doped portlandite for four values of the angle a. At the top the experimental 
spectrum measured at 205 К (see figure 3.2) and the calculated stick diagram. A denotes a 
peak of the static JT site. 
sensitive to the difference between the angles β and a, where β and a are the angles between the 
с axis and the ζ axis of the hyperfine tensor and the g tensor, respectively. For \β — a\ = 3° good 
agreement was found with the В features seen in the perpendicular part of the spectrum (see 
figure 3.2, spectrum measured at 12 K). The g values in table 3.1 indicate that the Cu complexes 
are tetragonally elongated. EXAFS and XANES28 studies on Cu2+ doped Hydrotalcite (8 mass 
%) showed that Cu2+ is coordinated by two hydroxide ligands at an average distance of 2.21 
± 0.06 Â and by four hydroxide ligands at 1.91 ± 0.04 Â, thus confirming the observation of a 
tetragonal elongation. 
At high temperature a spectrum is observed which can be understood in terms of the dynamic 
JT effect. If the Cu complex reorients itself rapidly around the с axis the g and hyperfine 
parameters (A) for the averaged tensors are given in terms of the parameters of the static site by 
the following equations20'2' 
Si.' = 2 { і-СОяг<\ + g | | án¡ 2 a + gj.) 
g||' = g ± « n 2 a + g||OW2CY 
A± ' = \ {\Lcos1ß + A\\sinzJ + Ax) 
Ay = A±sin β + Ay cos β 
where the primed symbols refer to the averaged tensors. It follows from these equations that if 
α and 3 are equal to 54.7° the averaged spectrum is isotropic. 
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Figure 3.5: Powder EPR spectra of copper doped brucite measured at various temperatures. 
The peaks of the temperature independent JT site are indicated with A, the peaks of the 
temperature dependent JT site with B. The microwave frequency is 9.174 GHz. 
In figure 3.4 simulations are shown for the averaged powder spectrum for different values 
of the angle a. For a = 54.7° no agreement was found with the experimental spectrum also 
reproduced in figure 3.4. The best agreement with experiment was found for α = 49° and 
¡i — a = 3°. In comparing the simulations with the experimental spectrum one should realize 
that the peak marked A in the experimental spectrum is due to the temperature independent site 
and therefore does not occur in our simulations. The deviation of a from 54.7° means that the 
averaged spectrum is still anisotropic and that the Cu complex is compressed along the trigonal 
axis (c axis). In table 3.2 the averaged magnetic parameters are given and for clarity reasons a 
stick spectrum is shown at the top of figure 3.4. We included in tables 3.1 and 3.2 the magnetic 
parameters and angles cv and β obtained by Wilson et al.20·21 in their single crystal study of 
Ca(OH)2:Cu2+. The agreement with our values is satisfactory. From the powder spectra any 
rhombicity in the tensors could not be determined. 
Brucite 
The powder EPR spectra of Cu2+ doped brucite taken at various temperatures are shown in 
figure 3.5. For the low field part of the spectrum measured at 9 К a magnification is given. As 
in portlandite at least two Cu sites can be discerned, one temperature independent (A) and one 
temperature dependent (B). On increasing the temperature spectrum В gradually disappears and 
new peaks emerge at about 298 mT. These phenomena are similar to what has been observed for 
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Figure 3.6: Simulation of the averaged EPR powder spectrum (rapid motion) of the dynamic 
JT site in copper doped brucite for four values of the angle a. At the lop the experimental 
spectrum measured at 80 К (see figure 3.S) and the calculated stick spectrum. A denotes a 
peak of the static JT site. 
portlandite. The difference is that already at 30 К the spectrum changes and at 80 К an averaged 
spectrum is observed. Going to still higher temperatures the new spectral features broaden. 
The analysis of the spectra is carried out in the same way as was done for portlandite. In figure 
3.6 the simulations are shown for the averaged powder spectrum B. The best agreement with 
experiment is found for a = 49° and ¡3 — a = —4°. Again one should realize at comparing the 
simulations with the experimental spectrum that the peak marked A belongs to the temperature 
independent site. At the top of figure 3.6 the high temperature stick spectrum of spectrum В is 
given. In table 2.1 and 2.2 the magnetic parameters are listed together with the angles r> and 3. 
It is interesting to note that for brucite the angle ,i is smaller than o, which is opposite to the 
behaviour observed for portlandite. Also in brucite the Cu complexes are compressed along the 
с axis. 
Hydrotalcite 
The low field part of the spectrum of hydrotalcite doped with 6 3Cu 2 + is shown in figure 3.7. 
At 6 К clearly two sites can be discerned, indicated with A and B. The peaks of site A do not 
change with temperature in contrast to the behaviour of peaks B. Going to higher temperatures 
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sample 
portlandite 
portlandite 
brucite 
Hydrotalcite 
site 
~A~ 
В 
A20 
B21 
A 
В 
A 
В 
T(K) 
12 
12 
298 
4.2 
9 
9 
6 
6 
SII 
2.340±0.001 
2.421±0.001 
2.401 ±0.001 
2.418±0.001 
2.374±0.001 
2.421 ±0.001 
2.361 ±0.002 
2.385±0.002 
g i 
2.075±0.003 
2.081 
2.073 
2.095±0.005 
A|| 
129±1 
124±1 
157±1 
133±0.5 
141±1 
114±1 
143±2 
129±2 
Αχ 
0 ± 2 
<10 
« 0 
10±5 
\ß-a\ 
3°±1 
4.3°±0.5 
4°±1 
Table 3.1: Spin Hamiltonian Parameters for Cu2+ sites A and В in powders of portlandite, 
brucite and hydrotalcile. For comparison the results of Wilson et al.20·21 are given obtained 
on single crystals of portlandite with w Cu 2 + . Hyperfine coupling parameters are given in 
10-4cm-'. 
sample A. g'x Λ', Αϊ ß portlandite 2.224 2.174 46.4 38.8 49°±1 52°±1 
(powder) 
portlandite 2.232 2.167 54.6 42.8 47.2°±0.5 51.5°±0.5 
(single crystal) 
brucite 2.235 2.188 62.0 36.0 49°±1 45°±1 
(powder) 
Table 3.2. Spin Hamiltonian Parameters of the averaged dynamic Jahn-Teller 63Cu2+ site in 
portlandite and brucite. For comparison the results of Wilson et al.20'21 are given obtained 
on single crystals of portlandite. Hyperfine coupling parameters are given in 10~4cm~ '. 
the latter peaks gradually disappear. In analogy with the results obtained on the copper doped 
materials portlandite and brucite, site A is assigned to a static site and site В to a site undergoing 
a dynamic JT transition. The transition does not occur in a narrow temperature range. Already 
at 6 К some Cu complexes belonging to the В site are in rapid motion as can be judged from the 
intensity of the peak at 290 mT. At 298 К the spectrum consists mainly of peaks of the static site 
A and of peaks of the dynamic site В in the rapidly motional state. For Hydrotalcite no separate 
peaks could be observed for the dynamic site as was the case for portlandite and brucite. Only a 
broad signal shows up at 290 mT indicated in the spectrum measured at 298 К by an arrow. This 
signal still gains intensity by increasing the temperature (even up to 388 K). Samples dried at 
atmospheric pressure at temperatures below 350 К gave spectra identical to the spectra shown in 
figure 3.7. Samples dried at 450 К at 10~3 mmHg have an EPR spectrum which is temperature 
independent and consists of peaks due to site A and of peaks arising from another site. The latter 
peaks are converted to the peaks of site В if the sample is rehydrated again. In table 3.1 the 
magnetic parameters are given for the static sites present at low temperatures. Simulations for the 
averaged high temperature В spectrum are not shown. A reliable simulation is difficult, because 
the experimental spectrum exhibits only a broad signal. However, simulations do indicate that 
also for Hydrotalcite the angle a is less than 54.7°. Probably, also in hydrotalcite the point 
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Figure 3.7: The parallel part of the powder EPR spectrum of hydrotalcite doped with copper. 
A denotes the peaks of the static JT site and В the peaks of the dynamic JT site. The arrow 
indicates the peak due to the averaged spectrum of the dynamic site B. 
symmetry at the divalent metal site is Du (compressed octahedron). 
3.4 Concluding remarks 
In the three structurally related materials portlandite, brucile and hydrotalcite similar phenomena 
occur. The EPR powder spectra of the 63Cu doped materials reveal at least one static JT site (A) 
and one dynamic JT site (B). The occurrence of these sites differ considerably. In portlandite the 
static site A occurs a factor ten less than the dynamic site В (see figure 3.2, spectrum measured 
at 12 K), in brucile the dynamic site В predominates (see figure 3.5, spectrum measured at 9 K) 
and in hydrotalcite the two sites are present in about equal amounts (see figure 3.7, spectrum 
measured at 6 K). Another difference is the temperature range over which changes in the EPR 
spectra have been observed. In the case of portlandite the spectrum remains invariant in the 
temperature range 12-100 K. At 115 К a noticeable change in the spectrum can be observed. 
At 205 К the spectrum of the rapidly reorienting site В reaches the highest intensity and best 
resolution. For the dynamic site of the 63Cu doped single crystal of portlandite the highest 
intensity was found at 210 K,2021 in agreement with our observations. For brucile the first 
changes in the spectrum took place at 30 K, and at 80 К the spectrum of the averaged dynamic 
site В reached its highest EPR intensity and best resolution. Subsequently the lines broaden and 
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disappear. The situation is totally different for hydrotalcite. As was mentioned before at 6 К the 
sites A and В are present in comparable amounts, but the peak at 290 mT indicates that already 
at 6 К some В sites are rapidly reorienting. Increasing the temperature leads to a disappearance 
of the static В sites, so that finally at high temperature (388 K) all static В sites are converted to 
dynamic В sites. 
These characteristics run parallel with the propensity of the materials to form single crystals. 
Portlandite single crystals are well known,20·21 from brucite only tiny single crystals can be 
grown 2 3~2 7 and from hydrotalcites no synthesis of single crystals have been reported. In the 
sequence portlandite, brucite, hydrotalcite more and more temperature independent A sites are 
formed on doping with Cu2 +. These A sites are JT dynamically inactive probably due to strong 
electrostatic forces from irregularities present in the materials. The dynamic В site occurs for 
hydrotalcite over a very large temperature range (6-388 K). This is very much connected to the 
amount of water present. Drying the samples at 450 К at 10~3 mmHg removes the temperature 
dependent В sites, the A sites are still present but new temperature independent sites are created. 
These latter sites are converted to В sites again on rehydration. The new observed sites may be 
connected to the formation of a disordered lamellar phase of low water content. We have found 
by carrying out 27A1 NMR experiments on hydrotalcites with varying degree of water content 
that tetrahedrally surrounded Al sites are produced on extensive drying, which can be associated 
with the disordered lamellar phase in which part of the Al cations are tetrahedrally coordinated. 
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Chapter 4 
Ordering of Intercalated Water and Carbonate 
Anions in Hydrotalcite. An NMR Study* 
A.van der Pol, B.L. Mojet, E. van de Ven, E. de Boer. 
ABSTRACT 
The ordering of interlayer water and interlayer carbonate in hydrotalcite 
([Mg3AJ(OH)8]+[0.5COj_ • mH20]~) has been studied by using static Ή and 1 3C NMR techniques. 
Spectra were taken of both powders and oriented material. The results indicate that interlayer water 
possesses rotational freedom around the C2 molecular axis and that the molecular symmetry axes of both 
carbonate (Ci) and water (C2) are oriented parallel to the crystallographic С axis of hydrotalcite. The 
ordering is caused by hydrogen bonding between the hydrogen atoms of the main layer and the oxygen 
atoms of the interlayer molecules. 
4.1 Introduction 
Hydrotalcite ([Mg3Al(OH)a]+[0.5CO3_ · mH20]~) is a member of the family of double layered 
mixed metal hydroxides of formula1: 
ам.+ ЛеСОВДЧА^ · mH20]*-) 
M2+ and M3 + are divalent and trivalent metal ions, A is an η-valent anion and χ can 
have values between 0.2 and 0.45. The material consists of positively charged brucite-type 
main layers, [Μ2ί
χ
Μ
3 +(ΟΗ)2] , +, with negatively charged interlayers, composed of anions and 
water molecules, [AJ/
n
· mH 2 0] x _ . The crystallographic С axis of hydrotalcite is oriented 
perpendicular to the layers. M2 + and M3 + occupy the octahedral positions of the main layer in 
a random distribution.' 
Hydrotalcite type materials were already described more than fifty years ago by Feitknecht 
and Fischer.2 The conventional synthesis is carried out via a precipitation reaction by adding to a 
solution of divalent and trivalent metal salts (in the desired molar ratio) a solution of a hydroxide 
salt, or vice versa. 
In the last twenty years an increasing interest in these materials has arisen. Hydrotalcite-
like compounds possess exchange capabilities for organic and inorganic anions.3-9 For these 
'This chapter appeared in: J. Phys. Chem. 1994, 98, 4050. 
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purposes, crystallites of hydrotalcites should have a diameter of 0.1 μπι, or less. Conventionally 
synthesized crystallites are typically 1 μτη in diameter. Sufficiently small crystallites can be 
obtained with a modified precipitation technique, known as flash-precipitation.9 Interlayer water 
can be exchanged for other neutral polar (organic) molecules, e.g. ethanediol.8,9 The interlayers 
can be used as a two dimensional matrix for various chemical and photochemical reactions.8-12 
Interlayer anions, e.g. СГ or C H 3 0
-
, can catalyze chemical reactions.13 Double layered 
hydroxides can be used as Br0nsted basic catalysts in organic condensation reactions.14 To make 
the interlayers more accessible to organic substrates, double layered hydroxides can be pillared 
with polymetallate anions, e.g. ю О ^ . 1 5 - 2 2 Controlled heat treatment of hydrotalcite type 
materials can result in mixed metal alumina like catalysts, suitable for organic reactions.23-28 
In industry, double layered hydroxides are applied mainly for neutralizing Br0nsted acids and 
adsorbing various molecules.9 
A number of studies concentrated on the detailed structure of hydrotalcite type materials. 
Based on X-ray data it was suggested that the water molecules in the interlayer can take several 
orientations, while the carbonate anions have their molecular plane parallel to the layers.29 The 
distance between the main layers is dependent on the type of counteranion. This distance, known 
as cell parameter c, can be determined with X-ray crystallography. Some authors determined 
the orientation of organic sulfonic acid and carboxylic acid molecules by comparing the chain 
length of these molecules to the measured cell parameter c. 5 - 7 In these studies the authors 
disagree about the orientation of benzoic acid derivatives in the interlayer. IR studies revealed 
the existence of hydrogen bonds between the oxygen atoms of the main layer and species in 
the interlayer (H2O and CO?,-), and between species in the interlayer.23,29-32 The coordination 
of the metal atoms in the main layers is octahedral, but there is a slight compression along the 
trigonal axis. This was shown by us in an ESR study on Cu2+ doped hydrotalcite.33 From Ή 
NMR studies on oriented samples of hydrotalcite, with nitrate as counterion, it was concluded 
that interlayer water possesses rotational freedom around the molecular C2 axis and that the C2 
axis is oriented parallel to the layers.34 
In this study we present static Ή and 13C NMR experiments on hydrotalcite, containing 
carbonate in the interlayer. Static NMR experiments enable one to draw conclusions about the 
orientation of molecules. In particular, from the experiments described here, we could infer that 
the symmetry axes of interlayer water and carbonate are oriented perpendicular to the layers. 
The inconsistencies in the results of Marcelin et al.,34 obtained on hydrotalcite with nitrate in 
the interlayer, will be explained. Finally, a model is proposed for the arrangement of carbonate 
and water within the interlayer. 
4.2 Experimental 
A solution of 0.5 g NaOH in 150 ml water was added dropwise in 1 h to a solution of 4.54 g 
MgCI2'6H20, 1.52 g AIC13-6H20 and 0.5 g Na2C03 in 150 mL water. During the addition the 
suspension was stirred and the pH was maintained between 8.5 and 9.5. After 16 h of aging, the 
suspension was washed (four times) and hydrothermally treated at Τ = 200 °C for 18 h. Oriented 
samples were obtained by depositing the suspension on circular quartz plates and drying for 20 h 
at Τ = 80 °C. The quartz plates had a diameter of 5 mm and a height of 0.55 mm. The plates were 
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then stacked inside an NMR sample holder. In a well-oriented sample, the microcrystallites have 
their С axis perpendicular to the quartz plates. A part of the sediment was pulverized and used 
for powder measurements. The samples used for the 1 3C NMR measurements were enriched in 
the isotope 1 3C by stirring 5 g of sample in a solution of 0.5 g №2
1 3
СОэ in 150 mL water for 2 
days. Next the samples were washed (four times) and then dried for 1 day at Τ = 80 ° С 
All NMR experiments were carried out on a Bruker CXP-300 spectrometer, at room tempera­
ture. For the 'H NMR experiments, the NMR sample holder, containing the stack of circular 
quartz plates, was fixed between two saddle-shaped RF coils. These coils were mounted in 
a stator housing. The orientation of the stator housing could be manually adjusted. The Ή 
free induction decay (FID) was generated by applying a 90° pulse of 5 μβ to the protons. Pre-
acquisition and recycle delays were 10 ßs and 2 s, respectively. For the powder spectra 64 and 
for the oriented spectra 1000 scans were accumulated. 
For the 13C NMR experiments a double-tunable (13C and lH) probe was used. The reference 
sample was TMS. The ordering axis of the sample (the normal to the quartz plates) made an angle 
of 54.7° with the direction of the magnetic field. Proton-enhanced cross-polarisation (CP)35 with 
high-power proton decoupling was used in the generation of the 13C FID. The 90° pulse for 13C 
was 5 μβ, the pre-acquisition and the recycle delays were 15 μβ and 4 s, respectively. The CP 
mixing time was 0.5 ms. For powder spectra typically 40 000 scans were accumulated, for the 
oriented samples 60 000 scans were necessary. 
The simulations of the spectra were carried out on a PC, using a computer program written 
by us. 
4.3 Simulation of NMR spectra 
Assuming axial symmetry, the angular dependence of a chemical shift is given by36 
σ
(θ) = σ
χ
 + (ay - σ
χ
) cos20 (4.1) 
where θ is the angle between the symmetry axis and the external magnetic field. 
The NMR spectrum of rigid water exhibits a Pake doublet lineshape due to intra-molecular 
dipolar proton-proton interaction. Taking this into account, the resonance positions of the doublet 
peaks are given by37 
u± = σ(θ) ± ^T(3 cos2¿ - 1) (4.2) 
where ò is the angle between the proton-proton vector r and the external magnetic field. Τ is 
equal to (3/2)(gH¿H)2r-3, being equal to 49.3 kHz for г = 1.54 Â. 
For the protons in water, the principal axes of the tensors of the dipolar interaction and of 
the chemical shift do not coincide. This results in a complicated angular dependence of the 
resonance positions. Rapid rotation of the water molecule around the C2 axis averages the 
chemical shift interactions of the protons as well as the dipolar interaction between them. The 
averaged tensors are axial with their unique axis coinciding along the rotor axis. The rotation 
around the C2 axis reduces the observed dipolar splitting by a factor of — ^ , so that38 
f± = <r(0)T^T(3cos20-l) (4.3) 
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where θ is the angle between the C2 axis of the water molecule and the external magnetic field. 
It is known that in systems containing rigid water, intramolecular proton exchange occurs.39 
The effect on the spectrum may be described by40 
I(„) = Mutz-»-! uA) 
where 1(f) is the intensity of the resonance absorption and ρ stands for the exchange probability. 
This equation is only valid if the hamiltonians of the two protons commute.41 If water rapidly 
rotates around the C2 axis, this requirement is fulfilled. The model for the intramolecular proton 
exchange can also be used to describe the mobility of the water molecule other than rotation 
around the C2 axis, such as random motion. 
Powder spectra can be calculated by numerically integrating equation 4.1, in the case of 
carbonate, or equation 4.3, in the case of water, over all orientations. Subsequent convolution 
with a Gaussian or Lorentzian line shape function accounts for inhomogeneous broadening and 
relaxation effects. 
For the calculation of the spectrum of oriented samples of hydrotalcites, we have to take into 
account the fact that the orientation is never perfect. In the beginning of the depositing process 
the microcrystallites of hydrotalcite orient themselves on the fiat surface of the quartz plate. This 
results in a high degree of ordering, so that almost all the microcrystallites, having contact with 
the quartz plate, have their crystallographic С axes parallel to the ordering axis, which is the 
axis perpendicular to the quartz plate. As the depositing process proceeds, the С axes of the 
microcrystallites deviate more and more from the ordering axis. This is because the top surface 
is no longer perfectly flat after the deposition of the first crystallites. The probability of finding 
a microcrystallite with its С axis deviating by an angle θ from the ordering axis is given by42 
™=
с<»Ш) ( 4 · 5 ) 
where С is a normalisation constant and θ is the root-mean-square angular deviation. If θ = 0 one 
has coincidence of the С axis of a microcrystallite with the ordering axis. For this orientation the 
NMR spectrum is easily calculated, since only one orientation of the microcrystallite with respect 
to the magnetic field exists. However, when θ φ 0 we have to integrate over all orientations of 
microcrystallites having an angle 0 with the ordering axis but having different angles with the 
magnetic field. A spectrum calculated for one angle Θ, with different angles with the magnetic 
field taken into account, we call a subspectrum. The total NMR spectrum is obtained by summing 
all subspectra with weighting factors given by P(0)· Provided the quality of orientation is not 
too bad and the symmetry axis of the molecule coincides with the С axis of hydrotalcite, the 
resulting NMR spectrum exhibits characteristics of a single-crystal spectrum. Otherwise the 
spectrum becomes very complicated and shows resonances over a wide range of frequencies. 
4.4 Results 
Figure 4.1a shows the Ή NMR powder spectrum of hydrotalcite. Clearly the characteristics 
of a Pake doublet powder spectrum are seen.37 The asymmetrical shape of the Pake doublet 
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Figure 4.1 : Experimental and simulated ' Η NMR powder spectra of hydrotalcite. The wide 
and narrow bars indicate the parallel and perpendicular dipolar splittings, respectively, (a) 
Experimental spectrum; (b) simulated spectrum (sum of the spectra in parts с and d); (c) 
simulated spectrum due to oriented water with C2 rotational freedom; (d) simulated spectrum 
of physisorbed water. 
powder pattern points to anisotropy in the chemical shift interaction. At the top of the figure 
the characteristic features of the Pake doublet structure are indicated by bars. The separation 
between the two peaks left and right from the central peak is about 20.6 kHz. This indicates that 
the water molecules, giving rise to the Pake doublet structure, are rapidly rotating around their 
twofold axes, which reduces the doublet splitting by a factor of \. The central peak may be due 
to physisorbed mobile water, but also intramolecular proton exchange may result in a peak at 
this position. Figure 4.1c shows a simulated spectrum, using equations 4.3 and 4.4. From the 
simulations, the following values for the parameters occurring in equations 4.3 and 4.4 can be 
inferred: сгц — σ± — 4.0 kHz, Τ = 46.6 kHz, ρ = 0.5. In the simulations a Lorentzian lineshape 
was used with a width of 1.4 kHz. The general agreement between the experimental (figure 4.1 a) 
and calculated (figure 4.1c) spectrum confirms the rapid rotation of the water molecules around 
their two-fold axes (equation 4.3), and also shows that these water molecules are simultaneously 
subject to slow intramolecular exchange (eq 4.4), giving rise to the central peak. However, 
compared with the experimental spectrum the intensity of the central peak in figure 4.1c is too 
low. This disagreement we attribute to the presence of water molecules with a high degree of 
mobility, adsorbed on the outer surface of the hydrotalcite microcrystallites (physisorbed water). 
Figure 4.1 d shows a simulation, using the same parameters as has been used in the simulation 
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Figure 4 2: Experimental (top) and simulated Ή NMR spectra of oriented Hydrotalcite for 
five angles between the ordering axis and the magnetic field: (a) 0°; (b) 30°; (c) 45°; (d) 
60°;(e)80°. 
shown in figure 4.1c, except that ρ was given the value of 10 and thelinewidth a value of 6 kHz. 
It is noteworthy to remark that samples stored in air for weeks give rise to spectra similar to 
that shown in figure 4.1 d. Summing the two simulations с and d with equal weighting factors, 
one obtains the simulation shown in figure 4.1b. This simulation accounts for almost all the 
features of the experimental spectrum. However, close inspection of figure 4.1 a and 4.1 b reveals 
slight differences (mainly seen on the flanks of the two inner peaks of the Pake doublet). These 
differences we ascribe to the presence of a signal due to the hydroxide protons. Marcelin et 
al.M have shown that these protons give rise to a broad featureless peak with a width of about 
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Figure 4.3: Experimental (top) and simulated 1 3C NMR powder spectrum of Hydrotalcite. 
20 kHz. The relative amounts of oriented water and physisorbed water, taken in the simulation 
as 1:1, should not be taken too rigorously. We estimated from simulations that the amount of 
physisorbed water lies in the range 40-60%. 
In figure 4.2a-e the ' Η NMR spectra are shown of oriented hydrotalcite for five different 
angles between the ordering axis of hydrotalcite and the magnetic field. The angular dependence 
of the spectra indicates that at least part of the material is oriented. The spectra in figures 4.2a 
(0°) and 4.2e (80°) are most representative for oriented material because sharp doublet signals 
are observed. These spectra have characteristics of a single-crystal spectrum. The fact that at 
θ = 0° the largest separation between the doublet signals is observed indicates that the twofold 
axes of the oriented water molecules lie parallel to the С axis of hydrotalcite. At the other 
orientations, the sharp signals of the Pake doublet are obscured by signals due to physisorbed 
water and water molecules present in nonoriented material. For the simulation of the spectra, see 
figure 4.2a-e, we have taken the C2 axis of the water molecule along the С axis of hydrotalcite. 
The principal values of the chemical shift tensor and the dipolar tensor are taken from the powder 
spectrum simulation. The relative ratios of oriented and nonoriented hydrotalcite and the amount 
of physisorbed water were taken into account. In addition, we took into consideration the fact 
that the orientation of hydrotalcite on the quartz plates is not perfect. The best agreement with 
the experimental spectra was obtained when the ratio for oriented, nonoriented and physisorbed 
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Figure 4.4: Experimental (top) and simulated n C NMR spectrum of oriented Hydrotalcite. 
The angle between the ordering axis and the magnetic field is 54.7°. 
water was 23:16:61, respectively, and when the oriented material (23%) had for 83% a root-mean-
square deviation 9 of 20° and for 17% a θ of 8°. Simulations in which all microcrystallites had 
a root-mean-square deviation θ of 20° could not explain the experimental spectra satisfactorily. 
Especially the spectra with the magnetic field oriented at angles 0° and 80° with respect to the 
ordering axis, are quite sensitive to the parameter Θ. We also simulated spectra (not shown) for 
cases where the C2 axis of water deviates from the С axis of hydrotalcite. In the cases where the 
angle between the C2 axis of water and the С axis of hydrotalcite is greater than 10° the simulated 
spectrum, and its angular dependence, is totally different from the experimental spectrum. 
In figure 4.3 the l 3C powder NMR spectrum of hydrotalcite is shown, together with a 
simulation. The experimental spectrum is clearly due to a system with axial symmetry. The 
simulation gave <7ц = 119 ppm, a¡_ = 195 ppm. For the Lorentzian line width a value of 10 
ppm was taken. The spectrum of oriented hydrotalcite is shown in figure 4.4. The ordering axis 
was given an angle of 54.7° with the magnetic field, so that if the carbonate anions have their 
trigonal axes parallel to the С axis, a resonance peak will be expected at the isotropic chemical 
shift position (170 ppm). Indeed, a nearly isotropic peak was observed with a maximum at 174 
ppm, supporting our assumption that the C3 axis of carbonate is oriented parallel to the С axis. 
In trying to simulate the spectrum, it was found that the appearance of the spectrum was very 
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sensitive to the value of Θ. With only one value of θ we were unable to reach a reasonable 
simulation. The simulation shown in figure 4.4 was attained with two θ values, with 54% of the 
material having θ =20° and 46% having θ =8°. No contribution from nonoriented material was 
necessary. Simulations for the case where the C3 axis of carbonate deviates from the С axis of 
hydrotalcite showed that the simulated spectrum looks totally different from the experimental 
spectrum if the deviation angle is greater than 5°. 
Some additional experiments were performed with samples prepared under slightly different 
circumstances. Small changes in treatment temperatures and annealing conditions, typically 
by 10%, did not affect the 'H and 13C NMR spectra appreciably. However, as already shown 
by Marcelin et al.,34 the most important factor determining the quality of the sample is the 
temperature at which the hydrothermal treatment is applied. The optimal treatment temperature 
is around 200 °C. 
4.5 Discussion 
From the powder ' H NMR spectrum (figure 4.1) it is immediately clear that water rotates rapidly 
around the C2 axis because, first, the observed dipolar splitting is reduced by a factor of \ and, 
second, the spectrum can be interpreted in terms of coinciding chemical shift and dipolar tensor 
axes. The observed anisotropy of the chemical shift tensor is 4 kHz, corresponding to about 13 
ppm. Ab initio calculations gave anisotropics in the range of 0.6-1.95 ppm, for a rotating water 
molecule.43,44 The large discrepancy with the experiment can be explained by hydrogen-bonding 
effects. It was shown by ab initio calculations that the chemical shift anisotropy for the dimer 
of water is 2.5 ppm and for the pentamer of water 10.5 ppm.44,45 The experimentally observed 
anisotropy of 13 ppm thus points to the presence of hydrogen bonding. This is in agreement with 
IR spectra of hydrotalcites.23,29-32 Compared with IR spectra of free water and free carbonate, 
the IR peaks of these molecules in hydrotalcite are broad and shifted as a result of hydrogen 
bonding. The IR absorption of water in hydrotalcite occurs between 3500 and 3100 cm - 1 and 
of carbonate in hydrotalcite between 1500 and 1300 cm - 1 . 
The Ή NMR results of the oriented sample (see figure 4.2) indicate directly that the C2 
axis of the oriented water molecule lies parallel to the С axis of hydrotalcite and therefore 
stands perpendicular to the layers. As expected, the orientation of the microcrystallites is not 
perfect. Furthermore, a large amount of physisorbed water is present. These effects can be 
understood by considering the stacking process of microcrystallites on the flat quartz surface. 
The microcrystallites directly in contact with the quartz surface will have a high quality of 
orientation {Θ is small). As the stacking proceeds, more and more disorder will occur, since the 
surface will be no longer flat. The misstacking will also result in a large effective volume for the 
physisorption of atmospheric water. Unfortunately, it is not possible to remove the physisorbed 
water from the sample without altering the structure of the sample. On dehydration, not only 
physisorbed water is removed but also interlayer water. This is clear from the ' Η NMR spectra. 
Samples which were dehydrated more severe, gave Ή NMR spectra with lower signal to noise 
ratio. Severe dehydration leads to a collapse of the main layer structure. This effect is revealed 
in the 27A1 NMR spectrum (not shown) of strongly dehydrated hydrotalcite. For samples dried 
at Τ = 50 °C and at 0.1 mmHg pressure, a peak due to tetrahedrally coordinated 27A1 is visible 
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Figure 4 5 Proposed model for the interlayer of Hydrotalcite with carbonate as counter 
anion Dashed lines represent hydrogen bridges Given distances arc taken from ref. 29. 
in the spectrum. 
The principal values of the chemical shift tensor of carbonate in hydrotalcite (стц = 119 ppm 
and σ± = 195 ppm) are in agreement with the results for carbonate in calcite (СаСОз), where 
ff|l = 119 ppm and a_¡_ = 194 ppm.46 The sample used for the 13C NMR experiments has a better 
quality of orientation than the sample used for the Ή NMR experiments. This was expected, 
because the oriented layer of hydrotalcite in the sample used for the 13C experiments was thinner. 
Finally, on the basis of our observations, a model can be constructed for the orientation 
of water and carbonate in the interlayer. This is shown in figure 4.5. The oxygen atom of the 
interlayer water molecule is hydrogen bonded to an OH group of the main layer, leaving the water 
molecule free to rotate around the Сг axis. The carbonate anion is also hydrogen bonded to the 
OH groups of the main layer. The symmetry axes of both water and carbonate are perpendicular 
to the layer. The results of Marcelin et al.3A on water in hydrotalcite with nitrate in the interlayer 
can be interpreted in the same way. However, these authors proposed that water has its C2 axis 
parallel to the layers. This is incorrect, as the authors did not take into consideration the change 
of orientation of the axial dipolar tensor by 90°, going from a totally rigid water molecule to a 
water molecule rotating around its twofold axis. 
The proposed model for the molecules in the interlayer is in accordance with IR results. From 
X-ray crystal Iographic data, the interlayer separation can be estimated to be about 3 Â.1 Certainly, 
such a short interlayer separation does not permit the carbonate anion to have its symmetry axis 
parallel to the layers. Our experimental results exclude also a tilted configuration. The distance 
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of 3 Â is large enough to encompass one layer of water and carbonate molecules, probably 
randomly distributed in the interlayers, but with their symmetry axes perpendicular to the layer. 
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ABSTRACT 
A highly resolved EPR spectrum of the silver trimer 1 0 9Agj+, present in 109Agi-NaA zeolite, has been 
measured. The spectrum is characterized by an axially symmetric spin Hamiltonian having 
g|,= 1.958 ( ± 1 ) ,
 g i = 1.981 ( ± 1 ) 
and for each of the 109Ag nuclei 
A|| = 200 (± 1) χ l u t e i n - 1 and Αχ = 205 (± 1) χ l O ^ c m " 1 . 
The g and hyperfine anisotropy are clearly resolved in the spectrum. The results are compared with 
theoretical calculations available in the literature. The axial symmetry of the spectrum is attributed to 
rapid reorientation of the trimer about its threefold axis, so that effects of rhombicity of the hyperfine 
tensor arc averaged out. Between 180 and 140 К the spectrum changes due to a decrease of the 
reorientation rate. 
5.1 Introduction 
During the last decade much interest has grown in the EPR spectroscopy of metal clusters.1 As a 
consequence, clusters of alkali metals such as sodium, potassium and transition metals have been 
successfully prepared.2-4 Of special interest are the silver clusters, on account of their catalytic 
properties.5 There have recently been a number of theoretical publications dealing with the g 
and hyperfine tensors of ligand-free silver and gold clusters as predicted by X0
6 , 7
 and by Dirac 
scattered wave (DSW) methods.8 Of primary importance for testing these theoretical results are 
reliable experimental magnetic parameters. 
We were able to measure a highly resolved EPR spectrum of the triangular silver trimer 
1 0 9
 Ag2,"1". The second order hyperfine splitting is clearly seen in the spectrum but also the 
anisotropy in the g and hyperfine interaction. The experimental results are compared with results 
'This chapter appeared in: Mol. Phys. 1992, 75, 37. 
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of theoretical calculations. Studying the spectrum as a function of the temperature evidence was 
found for rapid reorientation of the trimer around its threefold axis. 
5.2 Experimental 
Linde NaA zeolite (4A) was washed several times with 0.1 M sodium acetate and then ion-
exchanged with 0.4 mM 109AgNC>3 solution for 24 h at room temperature. ""AgNOs was 
prepared from metallic silver enriched to 99.3% in the isotope 109Ag (purchased from Techsnab­
export, Moscow). The final silver content in the zeolite was 1 Ag+ per unit cell, as determined 
by atomic absorption analysis. 
The filtered and washed material was placed into quartz tubes equipped with a stopcock for 
vacuum treatment and gas admission. The 109Agi-NaA samples were partially dehydrated by 
slow heating on the vacuum line up to 100 °C and then irradiated for 5 h at 77 К with an x-ray 
tube (Machlett Laboratories, Inc., type OEG 60) working at 50 kV and 30 mA. 
The EPR spectra were measured with a Bruker ESP-300 X-band ESR spectrometer in the 
temperature range 6-280 К using an Oxford Instruments ESR-9 flow cryostat and a TEI 02 
resonator. 
The EPR spectrum recorded at 9 К after X-ray irradiation at 77 К consists of a strongly 
anisotropic doublet arising from 109Ag2+ and two isotropic doublets with splittings of 54.9 and 
60.0 mT arising from silver atoms at two different sites. On sample annealing, the silver atoms 
decay and the silver agglomeration process proceeds. First, at 180 К the spectrum of the dimeric 
species 109Ag2 appears which, at higher temperatures, is slowly replaced by the spectrum due 
to the trimeric cluster 109Ag3+. At 250 К the EPR spectrum is predominantly due to the 109Ag3+ 
cluster. 
The spectra were simulated using the universal MAGRES'' program, developed at our labo­
ratory. 
5.3 Spectrum and analysis 
Figure 5.1 shows in trace a the EPR spectrum ofin9Agi -NaA at 250 К after irradiation at 77 К 
and annealing at 250 K. The spectrum is beautifully resolved: the derivative linewidth is about 
0.4 mT The spectrum is practically isotropic. A quartet can be recognized arising from three 
equivalent Ag nuclei, whose lines are separated by about 200 χ 10 4cm~'. A powder stick 
spectrum is shown in figure 5.2. With the aid of this we shall give a complete interpretation 
of the spectrum. First of all the large splitting of about 200 χ 10~4cm~' leads to a resolved 
second order hyperfine splitting. The centre lines of the quadruplet are split into two lines with 
an intensity ratio of 1:2. This second order splitting, first observed by de Boer and Mackor10 in 
the EPR spectrum of the positive ion of pyracene, is indicated in the figure by p. The position of 
the lines in the spectrum are determined by the equation 
hi/ = g/?B+ aM, + ^(a2/g№){l(I + 1) - M?}, 
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Figure 5.1: Trace a, first derivative X-band EPR spectrum of 109Ag*+ in ,09Ag-NaA zeolite 
al 250 К after X-irradialion at 77 К and annealing at 250 K. The peak indicated by the arrow 
is due to Ag2 + The microwave frequency was 9 202442 GHz. Trace b, simulated EPR 
spectrum (for parameters see text) 
where I represents the total angular momentum of the group of Ag nuclei and M/ its ζ component. 
The isotropic hyperfine splitting is indicated by a; the other symbols have their usual meaning. 
Using this equation, one calculates that ρ = (3/2) a2/g^B. Since a = 203 χ 10~4cm~ ' one finds ρ 
= 2.24 mT (experimentally observed, 2.23 mT). Interestingly, the spectrum exhibits still further 
features. There are small peaks (indicated in the stick spectrum by ||, parallel) with the intensity 
directed downwards to the right hand side of the six main peaks (indicated in the stick diagram by 
1, perpendicular). These peaks can be attributed to anisotropy in the g and hyperfine interaction. 
From the position of these peaks and from the unequal distances between the parallel peaks and 
the corresponding perpendicular peaks one is able to derive that gy - gi = -0.023 and |Ац| -
|Λχ| = - 5 x l 0"4cm" '. Eventually, with the following set of parameters, the spectrum could be 
simulated: 
g|l = 1.958(±l),gx = 1.981(±l) 
and for each of the l09Ag nuclei 
Ац = 200(±1) χ КГ'спГ 1 , A± = 205(±1) χ Κ Τ Ό ι Γ 1 . 
The simulation is shown in trace b of figure 5.1, and corresponds nicely with the observed 
spectrum. In the simulation, a Gaussian derivative lineshape function with a peak-to-peak width 
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Figure 5.2: Powder stick spectrum of ""Agj"1". For spectral assignment see text. 
of 0.4 mT. In the second group of lines there are some additional peaks. The peak indicated by 
an arrow is due to 109Ag2+, the peaks around 326 mT are from paramagnetic particles formed 
from the zeolite matrix by the X-rays. 
5.4 The g and hyperfine tensor 
During the last few years several paramagnetic silver clusters have been found like Ag£, Ag°, 
Ag2+, AgJ+ and Ag¿" ,1 The spectrum we have observed can be attributed to the silver trimer 
Ag2+, first observed by Symons et al.u in frozen toluene solutions containing AgC104 and traces 
of water after exposure to ^'Co 7-rays. These authors did not observe g and A anisotropy even 
at Q-band frequency, due to the broadness of the EPR lines. They reported for the isotropic g 
value, giso = 1.973 and, for the isotropic 109Ag hyperfine coupling, l09Aiso = 187 χ 10 - 4cm _ 1 . 
Our isotropic g value is the same, but our isotropic A value is equal to 203.3 χ 10_ 4cm_ 1. This 
difference we attribute to cluster-matrix interactions. Similar effects were observed by Forbes 
and Symons for AgJ in the host matrices benzene and water. The observed isotropic hyperfine 
couplings for 109Ag were, respectively, 340 χ 10~4cm_I and 297 χ 10_ 4cm_ 1. 
Assuming a triangular D^h geometry for Ag2+, the singly occupied molecular orbital (SOMO) 
belongs to the representation Λ\. This SOMO (3a',) has mainly 5s character. The 5s percentage 
can be estimated by comparing the observed isotropic hyperfine splitting constant to the Fermi 
contact interaction for unit spin density (8тг/3) g/3itf2(0), which for 109Ag is equal to -703 χ 
10 _ 4cm - 1 (-)Ag = negative).12 Applying this, one finds for the total 5s density, p5s = 0.87. It is of 
interest to compare this value with theoretical results. Mattar and Ozin7 using a self-consistent 
field X„ scattered wave method (SCF-XQ-SW) found that the SOMO 3a', contained 88.4 % 
5s, 7.8% 5p and 2.8% 4d. The 5s percentage is in excellent agreement with the experimental 
value. The presence of 5p and 4d functions in the SOMO give rise to the observed anisotropics 
in g and A. Arratia-Perez and Malli8 had included relativistic effects by using Dirac scattered 
wave (DSW) methods in their calculations for Ag2+ and Аиз+ and Au¡¡+ (q = 1,2). They found 
for the isotropic Fermi interaction a(109Agirmi = -209.7 χ 10~4cm_1 in good agreement with 
our result. For the anisotropy in the hyperfine interaction they found -5.5 χ 10~4cm-1 to be 
56 
5.5. THE MAGNETIC INEQUIVALENCE OF THE AG NUCLEI 
compared with our experimental value of -3.3 χ 10-4cm~ ' (|Ац| - |Also|). For the g values Mattar 
and Ozin7 calculated g|| = 2.0094 and gi = 2.0132, both values larger than the free electron 
value g
e
 = 2.0023, but in agreement with experiment g± > g||. With the DSW method was 
calculated for gISO = 1.7071. The difference with the nonrelativistic calculations (SCF-Xa-SW) 
emphasizes the importance of relativistic effects. Experimentally, the g values are smaller than 
ge. Mattar and Ozin's results disagree with that. These authors point out that a positive deviation 
of the computed g tensor for Ag3+ from the free electron value is more realistic than the negative 
deviation assigned experimentally. This was explained by the greater positive contributions to the 
g tensor from the 4d functions compared with the negative contributions from the 5p functions. 
The relativistic calculations, however, show that g values smaller than ge can be obtained via the 
relativistic Dirac equation. 
From the anisotropy in the hyperfine interaction, which is very small and usually not ob­
served, it is difficult to abstract percentages of d and/or ρ character in the SOMO. The DSW 
calculations demonstrate that electron-nuclear dipolar as well as electron orbital-nuclear inter­
actions contribute to the anisotropy and both are of comparable magnitude.813 This prevents a 
reliable determination of the percentages of 4d and 5p in the SOMO. Moreover the accuracy 
of the estimated ρ and d character would be further lowered by the low value of the dipolar 
hyperfine interaction agßf < r - 3 >, which amounts to -1.0 mT (a = 2/5) for 109Ag(5p) and to 
-2.4 mT (Q = 2/7) for 109Ag(4d).1 
5.5 The magnetic inequivalence of the Ag nuclei 
Following a suggestion of Mattar and Ozin,7 we tried to detect the magnetic inequivalence of 
the three Ag nuclei in Ag3+. In their paper they give the full hyperfine tensors for the three 
Ag atoms, indicated in their notation by a(2), a(3) and a(4) (2, 3 and 4 refer to the numbering 
of the three Ag atoms). Remarkably, the principal values of tensors a(3) and a(4) are different 
from the principal values of tensor a(2) and their principal directions are rotated by ± 110° 
with respect to those of a(2). We simulated the spectrum with our g and their a values and 
found no agreement at all with the experimental spectrum. Getting intrigued by this problem 
we reconsidered the calculation of the tensors a(3) and a(4) and found that the correct value for 
axy(3) = ayx(3) = -axy(4) = -ayx(4) = -0.598 instead of -0.293. With the correct value the principal 
values of all tensors are the same, and the principal directions are rotated with respect to each 
other by ±120°, which is expected for symmetry reasons. The principal values of the tensors 
are axx = -186.2 χ 10 "спТ1, ayy = -199 χ 10"cm
_ 1
 and aK = -181 χ ІО^сігГ
1
. Thus, the 
tensors are rhombic and this rhombicity should have a consequence for the appearance of the 
spectrum. A simulation of the spectrum with the above mentioned hyperfine values and our g 
values yielded a spectrum strongly different from the experimental spectrum, both in intensity 
distribution and number of lines. Thereupon, we tested how sensitive our simulation was for a 
variation in the in-plane hyperfine components keeping the isotropic hyperfine constant and the 
out-of-plane hyperfine component constant. It was found that deviations of ± 2 χ 10_ 4cm_ 1 
in the in-plane hyperfine components changed the intensity of the second order hyperfine lines 
from 1:2 into 1:1.6. Therefore our experimental hyperfine values have an accuracy better than 
± 2 χ 10~4cm-1, so that, if present, the rhombicity of the Ag hyperfine tensors should reveal 
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Figure 5.3: Trace a, the (wo high field groups of lines of the experimental EPR spectrum of 
109Ag3+ at 9 K. Trace b, simulation (for parameters see text). 
itself in the spectra. Since the rhombicity was not detected, we conclude that it is averaged out 
by a reorientation process around the threefold axis. Definite proof of the reorientation process 
was found by measuring the spectrum as a function of the temperature. Between 180 and 140 
K, the spectrum changed continuously: mainly the inner two groups of lines. Below 140 К no 
further changes were found. In figure 5.3 the two high field groups of lines of the spectrum are 
shown as measured at 9 К together with a simulation. Compared with trace a in figure 5.1, one 
notices that the lines of the inner groups with the highest intensities are split. The best fit to the 
experimental data was obtained with the following set of principal values of the hyperfine tensor: 
a.. =-196 χ 10 - 4 cm -\a y y =-214 χ logem­ and аы = -200 χ 10~
4
cm~' (see trace b, figure 
5.3). These values deviate not much from the theoretical values, calculated by Mattar and Ozin.7 
The difference between the in-plane hyperfine components is a measure of the reorientation rate. 
From this one calculates that above 180 К this rate is faster than 107 Hz. 
5.6 Conclusion 
2+ A highly resolved EPR spectrum has been measured for the triangular silver trimer 109Ag; 
For the first time the anisotropy in the g and in the hyperfine tensors has been detected. The 
experimental spin distribution is in agreement with theoretical calculations, including relativistic 
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effects. It should be realized, however, that the spin distribution is quite sensitive to the 
electrostatic interactions with the surroundings. The isotropic A value observed by us differs 
from that measured in frozen solution matrices by circa 9%.u Rapid reorientation of the trimer 
around its threefold axis is responsible for the axially symmetric observed tensors. At low 
temperatures the rhombicity of the hyperfine tensor manifests itself in the hyperfine pattern of 
the spectrum. 
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ABSTRACT 
Two new si I ver clusters characterized by EPR quartets with hyperfine splittings of about 130 χ 10" 4cm~ ' 
and distinctly different g values, have been found in hydraled 109Ag-NaA zeolite, X-ray irradiated at 77 
К and annealed to 280 K. 
6.1 Introduction 
The study of small silver clusters contributes to a better understanding of silver agglomeration, 
which plays a very important role in heterogeneous catalysis and in the photographic process. For 
small paramagnetic silver clusters EPR spectroscopy is the principal method of characterization. 
By deposition of silver vapour in organic or inert gas matrices at 77 К neutral trimeric and 
pentamericclusters are formed.1,2 Cationic species Ag£, Ag2/", Ag3,* and Ag*+ were observed in 
-) -irradiated aqueous and organic glasses at low temperature.3-5 In τ-irradiated Ag-NaA zeolites 
bigger cationic clusters have been stabilized such as Ag£+ and AgJJ+-8Ag+.6·8 Hexameric silver 
species can also be prepared by hydrogen reduction of Ag-NaA zeolite at a temperature below 
25'C. 9 
Zeolites are especially suitable to stabilize silver clusters with different nuclearity because 
of geometrical constraints due to their cage and channel-like structure. We showed recently that 
the presence of water significantly affected the silver agglomeration process in A zeolites.1" In 
Ag6-NaA zeolite dehydrated at 100 °C the well-known Ag¡¡+ cluster is formed after •> -irradiation 
at 77 K. It is characterized by an isotropic septet with gl4I, = 2.024 and А
ы
, =63.9 χ 10~',cm"l.6H 
If the same zeolite is not dehydrated before irradiation an EPR spectrum is obtained consisting 
of eight hyperfine lines. This spectrum has been previously ascribed to the species Ag2,"*" · · Ag 
with three equivalent Ag nuclei and one Ag nucleus at a greater distance.10 
In order to substantiate the above assignment, experiments were carried out on Age-NaA 
zeolite samples containing only one silver isotope, 109Ag. 
'This chapter appeared in: J. Chem. Soc, Chem. Commun. 1992, 29. 
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Figure 6.1: (a) EPR spectrum of hydrated 109Ag6-NaA zeolite X-ray irradiated at 77 К and 
annealed to ca. 280 K. At 327 mT (g = 2) there are some signals from radicals produced by 
the X-rays from the matrix, (b) Simulated EPR spectrum using parameters given in the text; 
the labels I and II refer to the two silver clusters, (c) Slick diagrams for silver cluster species 
I and II. 
6.2 Results and discussion 
After annealing the non-dehydrated and irradiated sample at 280 K, the spectrum shown in figure 
6.1a was recorded. In comparison with the previously observed spectrum exhibiting the eight 
lines,10 additional features are observed, particularly on the four inner lines. Also, it is worth 
noting that the linewidths are different, e.g. the derivative linewidth of the first and last line 
are, respectively, 0.8 and 1.2 mT. Applying the same experimental procedure on 1 0 9Ag
r
NaA a 
similar spectrum was observed. 
We were able to explain the spectra in terms of two quartets, arising from two different 
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silver clusters (denoted by I and II) present in different amounts and each containing three 
magnetically equivalent silver nuclei. The spectrum in figure 6.1a was simulated using the 
universal spin Hamiltonian program MAGRES.11 The best fit to the experimental data was 
obtained with the following set of parameters (referring to 109Ag): 
quartet I: gH = 2.001, gj_ = 2.008 
A|| = 129.6 χ l O - ' W 1 , A
x
 = 132.3 χ lO^cm" 1 
quartet II: gy = 1.942, gx = 1.953 
A|| = Αχ = 130 χ 10_ 4cm - 1 
A linewidth of 0.7 mT (Gaussian line shape) and a ratio between I and II of two was used. 
Figure 6.1b shows the simulated EPR spectrum. The labels I and II on the peaks refer to the 
two different clusters. The agreement between the experimental spectrum and the simulation 
is excellent. The inner lines of the quartets show the second-order hyperfine splittings,12 the 
outer lines reveal clearly the anisotropics in the g tensor (I and II) and in the hyperfine tensor 
(I). From the values of the magnetic parameters given above one calculates for the second-order 
splitting of the inner lines a value of about 0.9 mT, which is in perfect agreement with the 
observed splitting. For the sake of clarity stick diagrams are given for 1 and II in figure 6.1c. 
The parallel and perpendicular features are indicated by the usual symbols, the second order 
hyperfine splitting, equal to (3/2)Α?^/ίΒο, is indicated by p. These diagrams illustrate small 
details in the experimental spectrum, for instance the seventh line in the spectrum belonging to 
quartet I is very sharp owing to the fact that the anisotropy in the g tensor is counterbalanced by 
the anisotropy in the hyperfine tensor (coincidence of || and 1 feature). 
From the analysis of the EPR spectrum we conclude that, in hydrated Age-NaA zeolite, 
upon irradiation two different silver clusters are stabilized to different degrees, having slightly 
different magnetic parameters. For Agi-NaA the same conclusion applies. 
The question remains as to what kind of silver structures are responsible for the observed 
spectra. Two obvious candidates, Ag° and Agj+ can be eliminated on account of their magnetic 
parameters. Ag°, a Jahn-Teller molecule, has been studied by Howard et al.13 in QD6 and by 
Kernisant et al.,2 in an N2 matrix. The EPR spectra observed for Ag° do not show hyperfine 
interactions with three equivalent silver nuclei. The ionic trimer Ag2,"1" has been observed for 
the first time by Symons et al.u and studied recently in detail by us.15 The structure of Ag2+ is 
triangular, the three silver atoms are equivalent and have the following magnetic parameters (A 
values are for l(,9Ag):g|| = 1.958, gx = 1.981 andAN=200x КИспГ 1 , Αχ =205 χ ІО^сігГ1, 
thus quite different from the magnetic parameters observed for the species I and II. 
Subsequently, we may consider higher nuclearity silver clusters, for instance silver clusters of 
the type Agij+ (q=0,2,4) for which trigonal bipyramidal structures have been proposed.11617 The 
EPR spectrum of Ag" consists principally of a triplet of multiplets suggesting two equivalent 
silver nuclei.1 The cationic cluster Ag*+ gives an EPR spectrum completely different from 
what we have observed.5 Theoretical calculations16,17 on Agj+, assuming a trigonal bipyramidal 
structure, predict EPR spectra for these pentaatomic species strongly deviating from the spectrum 
shown in figure 6.1a. Therefore, we conclude that trigonal bipyramidal structures definitely can 
be ruled out as possible candidates for the silver clusters I and II. 
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We suggest that the two newly observed silver clusters in hydrated Ag-NaA zeolite are 
trimeric Ag clusters, but heavily perturbed by interactions with the zeolite lattice, and/or the 
water molecules.5 It is known that the g values and the spin density distribution of radical 
ions are strongly affected by neighbouring charges, for instance the EPR spectra of 'free' ions 
change drastically on association with counter ions.19 Preliminary electron-spin-echo-envelope-
modulation experiments carried out on clusters I and II in samples containing D 2 0 indicate that 
there is interaction with the deuterium and the aluminum nuclei.18 
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ABSTRACT 
Several polymeric silver clusters have been observed in Ag
x
-NaA zeolite (x=l,6) of varying water 
content, which was exposed to X-rays at.77 К and annealed at higher temperatures. 109Agi-NaA 
zeolite dehydrated at 130 ° С yields the dimer ""AgJ and the trimer mA¿+ after irradiation at 77 
К and annealing at 240 K. Owing to the use of one Ag isotope the EPR spectra of these species are 
highly resolved exhibiting g and hyperfine anisotropy. By irradiation of ,09Agi-NaA zeolite (x = 1,6) 
in hydrated form two new trimeric silver clusters I and II are produced. The ratio between I and II 
depends on the initial Ag content. ESEEM spectra of these species show interaction with aluminum 
nuclei of the zeolite framework and with distant water molecules. If Ag^-NaA zeolite dehydrated at 130 
°C is irradiated the hexameric cluster Ag£+ is formed. The ESEEM spectrum shows interaction only to 
aluminum nuclei. From ESEEM experiments on AgJ¡+ with added adsórbales (D20, CD3OD) it could 
be inferred that Ag¡¡+ is only stable if the neighbouring cages do not contain adsórbate molecules. 
7.1 Introduction 
Zeolites containing dispersed transition metals play an important role in heterogeneous catalysis. 
The mechanism of catalytic reactions involving metal clusters is not fully understood yet. Various 
metal cations can be easily introduced into the zeolite structure by ion-exchange. The reduction 
of cations by hydrogen or by 7-irradiation produces free atoms which are mobile and can 
agglomerate in the zeolite cages. The effective application of such zeolites for specific catalytic 
reactions requires information about the reduction mechanism, the structure and location of the 
active metal cluster sites as well as the mobility of the cluster. 
'This chapter appeared in: Appi. Magn. Reson. 1992, 3, 19. 
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Small metal clusters attract attention not only because of their potential applicability but 
also in order to study the fundamental interrelation between the nuclearity of the cluster and its 
molecular and bulk properties. Zeolites offer unique abilities for the stabilization of small metal 
clusters because their cage and channel like structure can isolate and support unstable transition 
metal ion clusters of molecular size. 
Unquestionably, the most important question concerning metal clusters is their structure. 
This is unfortunately also one of the most difficult aspects to probe. For characterization of small 
paramagnetic clusters of magnetic nuclei Electron Paramagnetic Resonance (EPR) spectroscopy 
is a principal method. A good example of this is the identification of the Na3,"*" cluster in NaY 
zeolite1 and in sodalite.2 With Electron Spin Echo Envelope Modulation (ESEEM) and pulsed 
ENDOR interactions of the Na3,4" cluster with Na+ cations, present in neighbouring cages have 
been revealed.3 These studies shed light on the structure and the location of the sodium cluster 
in the zeolite. 
Zeolite A turned out to have an unique ability to stabilize small silver clusters with various 
nuclearity. Most of the earlier work on silver clusters in A zeolite was done with X-ray 
diffraction.4,5 It was generally concluded that the clusters are located in the /3-cages. 
The first results on paramagnetic silver clusters in zeolites were reported in 1980 by Herm-
erschmidt and Haul.6 They recorded an EPR septet with a hyperfine splitting A1S0 = 72.6 G after 
hydrogen reduction of dehydrated Ag-A zeolite at 20 °C and assigned it to an Ag£+ cluster. The 
same species was reported later in η -irradiated Agi2-A zeolite,7 Ag-NaA zeolite8 and in Ag-NaA 
and Ag-KA zeolite9 reduced by hydrogen. Studying ,09Agi2-A zeolite, Preston and Morton10 
observed the superhyperfine splittings on the outer lines of the septet. They ascribed this to the 
interaction of the unpaired electron with eight Ag cations located in different hexagonal win­
dows of the /3-cage thereby definitely proving the formation of the 14 atom cluster, Ag¡J+ · 8Ag+, 
proposed earlier by Seff and Kim11 on the basis of X-ray diffraction studies. 
The EPR spectra of smaller silver clusters Ag£ and Ag2+ were recorded in Ag^-A7 and 
Ag-NaA8 zeolites -> -irradiated at 77 К and annealed at specific temperatures. The Ag3,"1" cluster 
was reported in 7-irradiated Ag-CsA zeolite.12 Recently, we showed that the silver agglomeration 
process proceeds also in hydrated Ag-NaA zeolites exposed to 7-radiation at low temperature.13 
In hydrated zeolites, the process is radiation-induced whereas in dehydrated ones the cluster 
formation is initiated by thermal autoreduction. As a result, different silver clusters are stabilized 
in hydrated and dehydrated zeolite samples. 
It is worthy to mention that, although geometrically the sodalite cages in A, X and Y zeolites 
are the same, attempts to stabilize silver clusters in zeolite X and Y with nuclearity in the range 
3 to 6 were unsuccessful. 
The objective of this work is to study the zeolites NaA exchanged only with one silver isotope 
in order to record highly resolved EPR spectra, so that the interpretation of the complicated spectra 
is facilitated. Moreover, in this way insight into the structure of the formed clusters and into 
their mechanism of formation was obtained. Additionally, ESEEM studies have been carried 
out which rendered more information about the surroundings of the clusters and their location. 
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7.2 Experimental 
Linde Na-A (4A) zeolite was washed with 0.1 M sodium acetate solution. Sodium cations 
were then partially exchanged with silver cations 109Ag+ by stirring the zeolite for 24 h in an 
appropriate volume of a diluted solution of 109AgNO3 in the dark. In this way, 109Ag-NaA 
zeolite samples with 1 and 6 109Ag+ ions per unit cell were produced. 109AgNO3 was prepared 
from metallic silver enriched to 99.3% in the isotope 109Ag (purchased from Techsnabexport, 
Moscow). The silver analyses were carried out using atomic absorption spectrometry. Some 
samples were partially dehydrated on a vacuum line by raising the temperature slowly to 130 
°C, other samples were only shortly degassed at room temperature. Then the zeolite samples 
were irradiated at 77 К during 7 h with an X-ray tube (Machlett Laboratories, Inc., type OEG) 
working at 50 kV and 30 mA. 
The EPR spectra were measured with a Bruker ESP-300 X-band EPR spectrometer in the 
temperature range 6-280 К using an Oxford Instruments ESR-9 flow cryostat. Electron Spin Echo 
(ESE) measurements were carried out with a home-built spectrometer using a loop-gap resonator 
placed into an Oxford Instruments CF-200 helium flow cryostat. The ESEEM spectra were 
measured using the stimulated echo sequence 7г/2 — τ — π/2 — Τ — π/2 — τ — echo. Values 
for τ in the range 170-200 ns were used. The microwave π/2 pulses were 20 ns long and 
were generated by a home-built pulse generator with time resolution of 10 ns. The pulses were 
amplified by a 1 kW Litton TWT amplifier. The electron spin echoes were sampled and integrated 
in a boxcar PAR 162/164. The data were collected and processed in an IBM compatible PC/AT 
computer with home-written software. The modulation envelopes were transferred into the 
frequency domain using high-pass filtering and Fourier transformation. 
7.3 Results and discussion 
Paramagnetic silver species in zeolites dehydrated at 130 °C 
"^Ag^NaA zeolite 
In figure 7.1 EPR spectra are shown measured at various temperatures from 1()9Agi-NaA zeolite 
dehydrated at 130 °C and irradiated at 77 K. At 100 К three different signals are observed which 
can be definitively assigned to silver species. The first two Ag signals are two broad isotropic 
doublets denoted A and В and can be attributed to silver atoms 109Ag° at two different sites. 
There EPR parameters are: 
,(,9Ag°(A) : a,
s
„ = 1545 MHz. g,i() = 1.993. 
,n,,Ag0(B) : a1S() = 1582 MHz. gis„ = 2.015. 
The third Ag signal is an anisotropic signal due to Ag2+ (4d9) cations characterized by: 
Ац = 105 MHz, A
x
 = 87 MHz, g(, = 2.307 and g± = 2.045. 
The lines in the region of g = 2 (ca. 328 mT) are due to radicals in the alumina-silica framework 
and to color centres in the quartz walls of the tube induced by the X-rays. The narrow peaks 
indicated by H are due to hydrogen atoms trapped in the quartz walls. 
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Figure 7.1: EPR spectra of ,09Agi-NaA zeolite dehydrated at 130 °C after X-ray irradiation 
at 77 K. EPR spectra were recorded at different annealing temperatures: (a) 100 K, (b) 150 
K, (c) 185 K, (d) 240 K. At 240 К the well-resolved spectra of 1 0 9AgJ (T) and 109Ag*+ (Q) 
clusters were recorded. Note the different amplification factors. 
The signal due to silver atoms at site A completely decays on increasing the temperature. 
Simultaneously, the intensity of peak В increases indicating that silver atoms from site A move 
to site В (see figure 7.1). Eventually peak В also disappears and two new doublet signals are 
observed at low and high field denoted С and D (see figure 7.1c, Τ = 185 К). The signal С is 
already present at 100 К but obscured at this temperature by the more intense signal B. Signal D 
can be considered to develop from signal B. Doublets С and D represent 109Ag atoms located at 
still other zeolite sites. The magnetic parameters are: 
109Ag°(C): a1S0 = 1707 MHz, g lso = 2.016. 
,09Ag°(D): a1S0 = 1729 MHz, g« = 1.989. 
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Figure 7.2: Powder stick spectra of 109Ag+ (a) and 109Ag^+ (b). 
At high field two other signals can be discerned, denoted by E, but their partners at low field 
are missing so that their identity remains unknown. In table 7.1 the magnetic parameters of the 
various Ag atoms found in dehydrated Agi-NaA zeolite are listed. 
At 240 К (figure 7.Id) all doublet signals arising from silver atoms are absent. Besides 
signals from Ag2+ the EPR spectrum consists of hyperfine lines arising from the silver clusters 
Ag2 and Ag3+, designated with Τ (triplet) and Q (quartet), respectively. The hyperfine lines of 
these clusters are much narrower than the lines of the silver atoms. Owing to that and to the 
large hyperfine splittings second-order hyperfine splittings are observed. These second order 
splittings, first observed by de Boer and Mackor,14 are indicated in figure 7.1 d as ρτ and PQ. The 
transition energies for a system with one unpaired electron and one type of equivalent nucleus 
are given by: 
hu = g/?B + aM, + ^(a7g#B){I(I+ 1) - M?}, (7.1) 
where I represents the total angular momentum of the group of Ag nuclei and M] its ζ component, 
a is the isotropic hyperfine splitting constant. Using equation 7.1 one calculates that for Agt: 
Я
2 
a T 
p r =
g a
= 2 7 4 m T
· 
and for Agf+ : 
Po 2.24 mT, 
3 aá 
2 ~gßЪ 
where ат and aQ are the isotropic hyperfine splitting constants for the dimeric and trimeric 
species, respectively. Experimentally is found ρτ = 2.8 mT and PQ = 2.23 mT. The experimental 
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Figure 7.3: (a) EPR spectrum of the ""Ag,"1" cluster in 109Agi-NaA zeolite at 250 К after 
X-irradiation at 77 К and annealing at 250 K. The peak indicated by the arrow is due to 
Ag2+. The microwave frequency was 9.202442 GHz. (b) Simulated EPR spectrum of the 
109Ag3+ cluster. 
value of рт is less accurate than of JJQ because one of the triplet inner lines overlaps with a line 
from paramagnetic centres in quartz. 
The spectrum of Ag£ was simulated using the universal spin hamiltonian program MAGRES.15 
The best fit to the experimental data was obtained with the following set of parameters: 
Ay = 826 MHz, A
x
 = 829 MHz, gN = 2.003 and gx = 1.993. 
For the sake of clarity in figure 7.2a the powder stick spectrum is given for Ag£ · It should be 
compared with the peaks marked Τ in figure 7.1 d. 
At 250 К the dimeric clusters decay completely, the concentration of Ag2+ cations diminishes 
so that mainly 109Ag3+ remains. In figure 7.3 the spectrum of l09Ag3+ is shown together with 
its simulation, 
parameters: 
The best fit to the experimental data was obtained with the following set of 
Ац = 600 MHz, A
x
 = 615 MHz, gy = 1.958 and g
x
 = 1.981. 
and a Gaussian linewidth (peak-to-peak) of 0.4 mT. The simulated spectrum shown in figure 
7.3b corresponds exactly to the observed spectrum. For clarity reasons also for Agj+ the powder 
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stick spectrum is given in figure 7.2b. This stick spectrum should be compared with the peaks 
marked Q in figure 7.1d. In a recent publication16 on 109Ag2+ we showed that the axial symmetry 
of the spectrum is due to rapid reorientation of the trimer around its threefold axis, so that effects 
of rhombicity of the hyperfine tensors are averaged out. This dynamic motion explains the 
difference in relaxation behaviour of Ag£ and Ag3+. At 200 К the Ag|+ signal does not show 
any saturation effect up to a microwave power of 100 mW, whereas Ag£ resonance absorption 
is completely saturated for a microwave power below 20 mW. 
Our EPR parameters for ""AgJ and 109Ag2+ in 109Agi-NaA zeolites, of which the isotropic 
values are listed in table 7.1, differ from Morton's data7 for the same species observed in 
Agi2-A zeolite. The largest differences concern the hyperfine splittings. For 109Ag2 Morton 
gives A|| = 913 MHz and Aj_ = 872 MHz which are considerably larger and more anisotropic 
than our values: Ац = 826 MHz and Αχ = 829 MHz. The isotropic splitting for 109Ag2+ was 
reported as 643 MHz,7 whereas we measured 610 MHz. These differences can be traced back to 
different degrees of dehydration which can lead to different locations of the clusters and thus to 
different hyperfine splittings. The influence of matrix polarity on the hyperfine splittings of AgJ 
and Ag3+ clusters was reported by Forbes and Symons.17 They authors found for the isotropic 
hyperfine splittings aiso of ""AgJ values of 1020 MHz and 891 MHz in the host matrices benzene 
and water, respectively. For l09Agl+ in frozen toluene they found a value of 561 MHz. 
'""Agé-NaA zeolite 
The EPR spectrum of I09Ag6-NaA zeolite dehydrated at 130 °C and X-irradiated at 77 К shows 
the isotropic septet of the hexameric species 109Ag¡¡+ with a^ = 207 MHz and g^ = 2.033 and 
the anisotropic signal of Ag2+ which is identical to the signal of Ag2+ observed in 109Agi-NaA. 
The EPR spectrum of ,09Ag£+ does not change over the temperature range 77-300 K. At room 
temperature Ag|j+ slowly decays with т
х
/2 ~ 20 min. 
The hexameric silver species is the most studied silver cluster in zeolites.611,13 To our 
knowledge it was never stabilized in any other matrix. The formation of Ag£+ in the course 
of hydrogen reduction or 7-irradiation8,13 is not a gradual process showing an increase of the 
nuclearity of the cluster during annealing, as was the case for Ag2+ produced in Agi-NaA zeolite, 
of which the formation is correlated with the decay of its paramagnetic predecessors Ag° and 
AgJ. 
It was recently proposed13 that the silver agglomeration process is initiated by thermal 
autoreduction during dehydration of the zeolite. In this way a diamagnetic hexameric cluster 
may be formed from which the paramagnetic hexameric cluster is produced by capture of an 
electron during the radiolysis. 
Paramagnetic silver species in hydrated A zeolites 
"''AgrNaA zeolite and ,()9Ag6-NaA zeolite 
The EPR spectrum at 120 К of hydrated 109Agi -NaA zeolite irradiated at 77 К is shown in figure 
7.4a. Besides signals in the free spin region, arising from radiation induced centres in quartz and 
radicals formed in the alumina-silica framework, two isotropic doublets, К and L, with distinctly 
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sample 
""Agi-NaA/130 °C 
109Ag6-NaA/ 130 °C 
"»AgrNaA/HzO 
Ag° in gas phase 
site 
Agu(A) 
Ag°(B) 
Ag°(C) 
Ag°(D) 
Ag2+ 
Ag^+ 
AgS+ 
Ag°(K) 
Ag°(L) 
Ag°(M) 
cluster I 
cluster II 
109 A g 0 
a,«, (MHz) 
1545 
1582 
1707 
1729 
828 
610 
207 
2039 
1484 
1580 
394 
390 
1979 
ßiso 
1.993 
2.015 
2.016 
1.989 
1.996 
1.973 
2.033 
2.026 
2.008 
2.012 
2.006 
1.949 
2.002 
Нрр(тТ) 
1.60 
1.70 
1.15 
0.90 
0.60 
0.40 
2.50 
0.67 
3.20 
1.66 
0.70 
0.70 
Table 7.1: EPR parameters of silver atoms and clusters in 109Ag-NaA zeolites 
different linewidths (Hpp) and intensities are observed. They are due to 109Ag° atoms at different 
sites and are characterized by the following EPR parameters; 
109Ag°(K) : a1S0 = 2039 MHz, gISO = 2.026, Hpp = 0.67 mT, 
109Ag°(L) : a1S0 = 1484 MHz, g l s o = 2.008, Hpp = 3.20 mT. 
On the L peaks sharp signals are visible from H atoms trapped in the wall of the quartz sample 
tubes. The signals К and L of 109Ag° atoms remain unchanged in the temperature range 77-130 
K. At 170 К the intensity of the peaks denoted К has been diminished, the peaks denoted L are 
absent and a new doublet denoted M is present, with magnetic parameters 
1 0 9Agn(M) : a l so = 1580 MHz, g l s o = 2.012. 
and a linewidth of 1.66 mT. The EPR parameters of 109Ag°(M) are very similar to the parameters 
of 109Ag°(B) atoms in dehydrated Agi-NaA zeolite (see table 7.1), so we consider sites M and В 
as identical. This is the only example that in hydrated and dehydrated zeolite the same type of 
paramagnetic species is found. The changes of hyperfine splittings and g values of silver atoms 
in Agi-NaA zeolite in dehydrated and hydrated form with annealing temperature reflects the 
dynamics of the system. They are related to the changes of site geometry due to the migration 
of H2O molecules and/or Ag" atoms. 
Silver atoms in hydrated Ag-NaA zeolites have been studied earlier by EPR1K and ESEEM1 9 
spectroscopies. The reported values of the hyperfine splittings, 1984 MHz and 1481 MHz for 
two different Ag" sites observed after irradiation at 77 K, are very close to our values. The 
Ag" atom with a hyperfine splitting near to the free atom value (for a 109Ag° atom in the gas 
phase a l s o = 1979 MHz) was assigned to site S2 in zeolite A, i.e. at the centre of the hexagonal 
window and coordinated to two water molecules, one in the α-cage and one in the ¿f-cage. 
For Ag° characterized by a hyperfine splitting of 1481 MHz, indicative for stronger coupling 
to the lattice, the location and coordination to H 2 0 have not been reported. After raising the 
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Figure 7.4: EPR spectra of hydrated 109Agi -NaA zeolite irradiated at 77 К and annealed at 
increasing temperatures: (a) 120 K, (b) 170 K, (c) 220 K, (d) 240 K. At 220 К and 240 К 
the spectra of new silver clusters in hydrated A zeolites are denoted as I and II. 
temperature to 190 К the signal due to silver atoms at site M decays completely. Simultaneously, 
the development of a new spectrum is observed consisting of eight lines. For reasons given later 
the lines are marked with I and II (see figure 7.4d). It proves that Ag°(M) atoms are engaged in 
the formation of the silver clusters represented by the eight line spectrum. This spectrum reaches 
its maximal intensity at 220 К (figure 7.4c). At higher temperatures the lines are becoming 
narrower but less intense (see figure 7.4d). 
In hydrated Ag6-NaA zeolite the eight line spectrum is seen already at 110 К (figure 7.5a) 
and up to 220 К no changes occur in the spectrum. The observed pattern is almost the same 
as observed in "wAgi-NaA zeolite. The only exception is the intensity ratio between the lines 
I and II. At 220 К that ratio is about 1 for ,cwAgi and 2.0 for l09Ag6-NaA. Above 220 К the 
EPR lines (figure 7.5b) become less intense and narrower. At the same time additional features 
develop similar to what has been seen for dehydrated 109Agi. We were able to interpret the eight 
line spectrum in terms of two quartets arising from two different silver clusters, I and II, each 
containing three magnetically equivalent silver nuclei. The best fit to the experimental spectrum 
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Figure 7.5: EPR spectra of hydrated 109Ag6-NaA zeolite irradiated at 77 К and annealed at 
temperatures: (а) ПО K, (b) 280 К, (c) simulated spectra of clusters I and II. 
is shown in figure 7.5b and implies the following set of parameters, related to 109Ag: 
quartet I: gy = 2.001, g
x
 = 2.008 
Ац = 389 MHz, A
x
 = 397 MHz 
quartet II: g|| = 1.942, gL = 1.953 
A,, = Αχ = 390 MHz 
In the simulation a linewidth of 0.7 mT and a ratio of I/II equal to 2 was used. 
Figure 7.5c shows the simulated spectrum which resembles very much the experimental one 
(figure 7.5b). The inner lines of the quartets show the second order splittings, the outer lines 
reveal clearly the anisotropics in the g tensor (I and II) and in the hyperfine tensor (I). From the 
values of the magnetic parameters given above one calculates for the second order splitting of 
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the inner lines a value of about 0.9 mT, in perfect agreement with the observed splitting. A more 
detailed description of quartets I and II is given in reference.20 
The analysis of the EPR spectrum clearly indicates that in hydrated Ag
x
-NaA zeolites, where 
χ varies from 1 to 6, two different silver clusters are stabilized, characterized by nearly the same 
A tensor and different g tensors. 
In table 7.1 the magnetic parameters of Ag° atoms and Ag clusters present in dehydrated 
and hydrated zeolite A are compiled. Note that except for Ag° atoms В and M the magnetic 
parameters of the various species in dehydrated and hydrated zeolites are markedly different. 
It shows that the silver species are stabilized in different sites with regard to location and 
coordination. 
The question remains what kind of silver structures are responsible for the observed spectra 
I and II. Two obvious candidates, Ag§ and Ag2+ can be eliminated on account of their magnetic 
parameters. Ag ,^ a Jahn-Teller molecule, has been studied by Howard et al.21 in СбОб and by 
Kernisant et al.,22 in an N2 matrix. The EPR spectra observed for Ag?. do not show hyperfine 
interactions with three equivalent silver nuclei. The magnetic parameters of Ag2* are quite 
different from those observed for the species I and II (see table 7.1). This led us to conclude20 
that species I and II are also trimeric silver clusters but heavily perturbed by interaction with 
the zeolite lattice and/or water molecules. In the following section we show that indeed such 
interactions are present. 
ESEEM spectra of dehydrated Agj-NaA and Ag -^NaA zeolites 
In order to study the location of the hexameric and trimeric silver clusters and their possible 
interactions with water molecules, remaining in the zeolite cages after dehydration at 130 °C, 
we carried out ESEEM experiments with Ag-NaA zeolites prepared by cation exchange in D2O 
solution. The presence of D 2 0 instead of H 2 0 had no observable effect on the EPR spectra of the 
paramagnetic clusters. For the ESEEM measurements zeolite samples containing natural silver 
were used. Of course the EPR spectra become more complicated through the presence of both 
isotopes (see inserts in figure 7.6) but for the ESEEM experiments this is irrelevant. The three 
pulse FT-ESEEM spectra are shown in figure 7.6. In the ESEEM spectrum of Ag£+ present in 
Agé-NaA zeolite a strong peak at the nuclear Larmor frequency of 27A1 is observed (3.89 MHz 
at 350 mT). A weak signal at the Larmor frequency of deuterium (2.29 MHz at 350 mT) is just 
discernable. However, when the magnetic field is set on the parallel component belonging to the 
EPR spectrum of Ag2+ the situation is distinctly different: the intensities of the aluminum and 
deuterium peaks are comparable. It clearly demonstrates that D20 molecules are still present in 
the zeolite cages after dehydration at 130 °C and that they interact with paramagnetic species 
located nearby. The same type of FT- ESEEM spectrum was recorded for the Ag2+ cluster in 
Agi-NaA zeolite. The magnetic field was set at the high field lines of Ag2+ (see figure 7.6c) to 
avoid a contribution from Ag2+ into the echo signal. 
In order to study the interactions of the Ag£+ clusters with adsorbates by ESEEM spectroscopy 
we exposed the irradiated Ag6-NaA samples to the molecular adsorbates D2O, CD3OD, CH3CN 
and NH3. The first three adsorbates were adsorbed on zeolite for 1 min under their own vapour 
pressure at 23 "C. NH3 was adsorbed under a pressure of 200 mmHg at -76 °C for 5 min. After 
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Figure 7.6: Three pulse FT-ESEEM spectra of (a) 109Ag¡j+ in Ag6-NaA zeolite dehydrated 
at 130 °C, (b) Ag2+ (at the g|| position of the EPR spectrum of Ag2+) in the same sample, 
(c) Ag2+ in Agi-NaA dehydrated at 130 °C, the frequency scale of this spectrum runs from 
0 to 14.5 MHz. Experimental conditions: (а) В : 
τ = 170 ns, (с) В = 328.7 mT, τ = 160 ns. 
334.8 mT, r = 140 ns, (b) В = 296.2 mT, 
adsorption the samples were cooled to 77 К in liquid nitrogen and examined with our EPR 
spectrometer. Only a small decrease of the intensity of the Ag£+ septet was observed. 
The CD3OD adsorption on Ag2+/Age-NaA zeolite resulted in the appearance in the FT-
ESEEM spectrum (not shown) of a strong structureless peak at the nuclear frequency of 2D with 
an intensity about a factor of 2 larger than that of the 27A1 peak. On the contrary D2O adsorption 
did not change the FT- ESEEM spectrum of the hexameric silver cluster at all. Presumably the 
D2O vapour pressure at room temperature was too low to fill up effectively the zeolite cages 
with water molecules. Adsorption of D2O at higher temperature or prolonged adsorption at 
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room temperature leads to decompositon of the silver hexamer.13 After adsorption of NH3 and 
CH3CN we were unable to observe any FT-ESEEM peak indicating the interaction of Ag{¡+ with 
nitrogen. 
The FT-ESEEM results, showing a single peak at the nuclear Larmor frequency of 2D, are 
indicative of the interaction of the silver paramagnetic species with distant deuterated molecules, 
probably located in the neighbouring cages. Because the location of Ag^+ clusters in the /J-cages 
is well proved and methanol molecules are too large to penetrate the hexagonal windows, in 
order to enter the /ï-cages, we can conclude from our experiments that the Ag£+ cluster in the 
/3-cage interacts with methanol molecules located in adjacent α-cages. A similar explanation 
can be given for the occurrence of the deuterium peak in the ESEEM spectrum of Ag2+ which 
is also present in the /?-cage. In this case there is an interaction with D 2 0 molecules in adjacent 
α-cages. Apparently these water molecules are not removed by the dehydration procedure at 
130 °C. Interestingly the 2D peak is almost absent in the ESEEM spectrum of Ag£+. It prompts 
us to speculate that the hexameric silver cluster can be stabilized only in such sodalite cages 
which are surrounded by α-cages containing no water molecules. This would be in agreement 
with earlier results showing that water destabilizes hexameric species.13 
The location of the divalent silver cation in A zeolite is not known. Therefore the question 
whether or not the interacting species Ag2+ and D2O are placed in the same cage or in the 
neighbouring units remains unanswered. 
In general the ESEEM studies proved that in partially dehydrated zeolite apart from interac­
tion with nearby 27A1 nuclei there is interaction only with distant water molecules. 
ESEEM spectra of hydrated Agj-NaA and Age-NaA zeolite 
Also for the hydrated zeolites the EPR spectra of irradiated Ag-NaA/020 are exactly the same 
as for irradiated Ag-NaA/НгО zeolite with the same silver content. There is also no difference 
in the linewidths. 
The FT-ESEEM spectra of Ag6-NaA/D20 zeolite annealed at 250 К after X-ray irradiation 
at 77 К are shown in figure 7.7. For the ESEEM experiments the magnetic field was set on the 
two most intense lines of quartet I and II (see the insert in figure 7.7) to obtain the echo signal 
with the highest intensity. At each of these positions there is only a small contribution from the 
other quartet to the echo signal. For both field settings the FT-ESEEM spectra reveal two peaks 
centred at the Larmor frequencies of 2D and 27A1. The intensity ratios of both peaks, however, 
are different for clusters I and II. Although the intensities of the FT-ESEEM peaks depend on 
many factors the observed difference may be indicative for a stronger interaction of cluster I 
with 27A1 nuclei. 
The FT-ESEEM peaks of 2D recorded for both field settings show an isotropic hyperfine 
splitting of 0.24 MHz. The splitting of the 2D peak, which is not observed in the FT-ESEEM 
spectrum of Agj/ in Ag
r
NaA zeolite dehydrated at 130 °C (see figure 7.6a), indicates that 
water molecules are placed much closer to the clusters I and II than to Ag2+. Using the program 
MAGRES the splitting of the 2D peak was simulated, taking into account the isotropic splitting of 
0.24 MHz and the dipolar interaction between the unpaired electron and a deuterium nucleus. For 
a distance of 4.7 Â agreement was found between the experimental spectrum and the simulation. 
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Figure 7.7: Three pulse FT-ESEEM spectra of hydrated Ag6-NaA zeolite (irradiated at 77 К 
and annealed at 250 K) recorded for two field settings (see the insert) corresponding to two 
different clusters represented by quartet I (a) and quartet II (b). The г values were: г = 170 
ns(a), r = 170ns(b). 
This means that the interacting water molecules are not directly coordinated to the clusters I and 
II. They must be located in neighbouring cages as was also concluded from the ESEEM spectra 
of the silver species present in the dehydrated zeolite samples (see figure 7.6). 
For the clusters I and II present in Agi-NaA/T^O zeolite similar ESEEM spectra were 
recorded. 
7.4 Conclusions 
Zeolites have the propensity to stabilize various transient species. The structure of zeolite A is 
well suited for stabilizing small silver clusters. 
The observations described in this paper have been summarized in table 7.2. One may infer 
from this that the formation of small silver clusters at specific sites in irradiated A zeolites 
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Agi-Na A 
Agi-NaA 
Ag6-NaA 
Ag6-NaA 
Dehydrated at 130 °C Hydrated 
Ag+.Agf 
1 and II 
AgS+ 
I and II 
Temperature Range (K) 
200-240 
220-240 
77-290 
110-280 
Table 7.2: Survey of conditions under which silver clusters are formed in Ag,-NaA zeolite 
(x=l,6). 
depends on the initial content of the Ag+ cations in the zeolites and on the water content. In 
dehydrated Agi-NaA zeolites after annealing above 200 К AgJ dinners and Ag|+ clusters are 
formed with magnetic parameters similar to those of the silver dimer and trimer clusters produced 
by irradiation of organic glasses containing AgC104. The EPR spectra of
 109AgJ and I09Ag3+ 
present in irradiated Agi-NaA zeolite are highly resolved, exhibiting the features of the g and 
hyperfine anisotropy. From temperature dependent measurements it could be concluded that the 
trimer Ag3+ is rapidly rotating around its threefold axis.16 Both in hydrated Agi-NaA and in Ag6-
NaA two new silver clusters were found, denoted I and II. From the analysis of the well resolved 
EPR spectra it was inferred that I and II are also silver trimers, but their isotropic hyperfine 
splitting constants amount to only ca. 400 MHz, whereas Ag3+ in dehydrated Agi-NaA has an 
isotropic splitting constant of ca. 600 MHz. This difference we have attributed to interactions 
of the trimers I and II with the ions in the lattice and to water molecules. The relative amounts of 
I and II depend on the initial Ag content: in Agi-NaA the ratio of I/II is ca. 1 and in Ag6-NaA 
it is ca. 2. 
The ESEEM experiments indicate that Agj+, the silver trimers I and II and Ag||+ have an 
interaction with the Al nuclei of the zeolite lattice and with D 2 0 molecules. In hydrated Ag6-
NaA zeolite the interaction of the trimers I and II with D2O molecules is strong, which leads to 
a splitting of the 2D peak. 
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Chapter 8 
EPR and NMR Studies of Amorphous Aluminum 
Borates * 
S. Simon, A. van der Pol, E.J. Reijerse, A.P.M. Kentgens, G.J.M.P. van Moorsel 
and E. de Boer 
ABSTRACT 
Amorphous aluminum borates, Ahfi-^B^Os wilh 0 < χ < 0 5, prepared from mixtures of aluminum 
mirale, boric acid and glycerol, were sludied by EPR and 27A1 MAS NMR as a function of composition 
and heat treatment temperature (T( < 860 °C). EPR studies showed the presence of physisorbed NO2, 
NO and O2 molecules, produced by decomposition reactions during the thermal treatment The O2 
molecules in the gaseous state were observed in a narrow temperature interval around 60 К and in 
condensed phase at low temperature (< 20 K) The zero field splitting constant D for condensed O2 
amounts to 109 GHz, significantly lower than the value for 'free' O2, which is 119 GHz Above 20 К 
the NO2 molecules in all samples rotate rapidly (> 107 Hz) about an axis parallel to the intramolecular 
oxygen-oxygen direction, this mobility decreases with increasing heat treatment temperature Some 
EPR lines were tentatively ascribed to pairs or clusters of the above mentioned paramagnetic molecules. 
27AI MASNMR studies showed the presence of six-, five- and four- coordinate Al atoms, their relative 
concentrations being strongly dependent on the thermal history and composition of the samples The 
fractions of tetra- and penta-coordinate Al atoms were at maximum at heat treatment temperatures 
between 300 and 600 °C and decreased considerably after the samples were exposed to air Therefore 
the low-coordinate Al atoms are predominantly located at the surface 
The decreased mobility of NO2 molecules, at high treatment temperatures, indicates that N 0 3 interacts 
strongly with the pore surface when it contains a large fraction of four- and five- coordinate Al ions 
8.1 Introduction 
Aluminas are extensively used as the supporting material in catalytic reactions. They are acid-
base catalysts with a high surface area.1 Successful efforts have been made to prepare amorphous 
aluminas that exhibit a zeolite-type porosity. The pore configuration and dimensions depend on 
composition, preparation method and heat treatment.2 3 
The addition of typical glass-forming components such as S1O2, P2O5 and B2O3 increases 
the stability of the aluminas and leads also to new properties.4-8 The incorporation of transition-
metal ions or rare-earth metal elements gives these materials interesting optical, magnetic and 
catalytic properties.9-12 Amorphous aluminum borates with high surface areas can be prepared 
by a sol-gel method from solutions of aluminum salts and boric acid using ammonium hydroxide 
'Accepted for publication in J Ckem Soc, Faraday Trans 1994 
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or methanol as precipitant. Recently a new method has been developed which also results in 
an amorphous material having a high surface area. This method involves the low-temperature 
thermal decomposition of aluminum nitrate and boric acid sustained by the simultaneous oxida­
tion of a suitable organic agent. Materials prepared this way were studied by thermal analysis 
methods, X-ray diffraction and FTIR spectroscopy.7,8 In this paper we report EPR and NMR 
studies of aluminum borates prepared according to this method. EPR studies of aluminum 
borates revealed the presence of physisorbed N02, NO and O2 molecules which are produced 
by decomposition reactions during the thermal treatment. The mobility of the NO2 molecules, 
as reflected in the EPR spectra, was strongly dependent on the measurement temperature, the 
heat- treatment temperature and the sample composition. At low temperatures, EPR spectra of 
gaseous O2 as well as for O2 in the condensed phase were observed. 
2 7
 Al MASNMR studies revealed three signals at 6,30 and 60 ppm corresponding to six-, five-
and four-coordinate Al, respectively. Their relative intensities were strongly dependent on the 
composition and the thermal history of the samples. The structural information obtained from 
27Al MASNMR is used to explain the different strength of the interactions between the identified 
paramagnetic gaseous species and the active sites of the pore surfaces, developed during the 
thermal treatment. 
8.2 Experimental 
Aluminum borate samples were prepared of composition АІ2(і-
х
)В2
Я
Оз with χ = 0, 0.1, 0.2,0.3, 
0.4 and 0.5. To a stoichiometric mixture of A1(N03)3 · 9H20 and H3BO3, glycerol was added as 
an organic reducing agent (10 wt.% in all samples) and a small amount of distilled water. After 
the components had dissolved a single liquid phase was formed at room temperature. The clear 
solutions were heated to 95 °C and after ca. 2 h spongy bulky solid samples were obtained. At 
the end of the heating procedure decomposition reactions took place as apparent from emission 
of gaseous products. The conversion that takes place during the synthesis can be summarized as 
follows: 
2[A1(N03)3 · 9H20] -> A1203 + 6N0 2 + § 0 2 + 18H20 (1) 
6NO2 ^ 6NO + 3 O2 (2) 
2H3B03 -* B 2 0 3 + 3H20 (3) 
glycerol oxidation (4) 
EPR and NMR measurements were carried out on samples treated for 30 min at various tem­
peratures (see figure 8.1). For this procedure the solid material was crushed and placed in a 
cylindrical furnace for heating in the open air. Immediately after they had been heated the 
samples were sealed in quartz tubes for EPR measurements or placed in air-tight glass bottles 
for NMR measurements. Just before the beginning of the NMR measurements the samples were 
rapidly transferred to the spinners in order to reduce hydration effects to a minimum. 
The solid samples were white for 100 < Т,ЛС < 150, yellow-green for 150 < Т,ЛС < 200, 
yellow-brown for 200 < ТУ°С < 300 and white for T, > 300 °C. The samples are denoted 
ABX-Ty, where χ refers to the boron content and y to the treatment temperature (y = T,/100). 
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Figure 8.1: Heat treatment diagram. The heating temperatures are denoted T y, where у : 
Τ,/100. 
EPR spectra were recorded on powdered samples on a Bruker- ESP-380 X-band spectrometer 
at 5.8-300 К and at a static field between 0.05 and 13 kG. The average microwave frequency of 
the experiments was 9.3 GHz. 
MAS NMR measurements were carried out at room temperature on a Bruker AM-500 
spectrometer equipped with a solid-state accessory, using a home-built probe head equipped 
with a Jakobsen 5 mm MAS assembly. Usually 1 /usee pulse excitations were applied and 
spinning speeds up to 14 kHz were employed. Spectra are referenced with respect to an external 
A1(N03)3 solution (A1(H20)2+). 
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Figure 8.2: EPR spectra of АВо 2-Т5 at different temperatures. 
8.3 Results of EPR on Aluminum Borates 
EPR spectra representative for various stages of the synthesis process are shown in figures 8.2-
8.7. All samples exhibit a relatively small EPR line at ca. 1550 G with g = 4.23 originating 
from Fe3 + impurities present in А1(ЫОз)з. This signal can be used as an internal standard for 
estimating the relative intensities of the other EPR signals. 
NO2 
A characteristic feature present in the EPR spectra of all samples is a number of lines in the g ss 
2.0 region extending over ca. 150 G. The highest intensity and best resolution was attained at 
low measurement temperatures. Figures 8.3 and 8.4 illustrate the EPR spectrum of this signal as 
a function of temperature on a more expanded scale. For samples with y < 1.5 the lines became 
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Figure 8.3: Temperature dependence of the N 0 2 EPR spectrum of AB0 2-T1. The assignment 
of hyperfine lines is shown. 
practically undetectable at measurement temperatures T
m
 > 150 К (figure 8.3), but for samples 
with у > 3 they were clearly observed even at room temperature (figure 8.4). These spectra 
can be ascribed to NO2 and are well described in the literature.13-19 In figure 8.3 the nitrogen 
hyperfine EPR lines are labeled with x, у or z, where у runs parallel to the intramolecular oxygen-
oxygen direction. The spectra show a clear temperature dependence. At low temperatures a 
powder-like spectrum is observed. Going to higher temperatures the χ and ζ components merge, 
while the у components keep their positions. From this behaviour it can be concluded that the 
NO2 molecules above 20 К rotate rapidly around an axis parallel to the у axis (> 107 Hz), as has 
been observed previously.15,1819 For the sample AB02-T1 this leads eventually to an isotropic 
spectrum (T > 125 K), whereas for the sample AB0.2-T4 even at 300 К the rotation is still 
anisotropic. Thus the mobility of NO2 molecules depends on the thermal history of the samples. 
In the Discussion we will further elaborate on this. In table 8.1 the magnetic parameters are 
listed together with those obtained for N0 2 adsorbed on similar systems and for NO2 in the gas 
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Figure 8.4: Temperature dependence of the NO2 EPR spectrum of ABo 2-T4. 
phase. From the similarity of the values in table 8.1 it can be concluded that the adsorbed NO2 
molecules are not greatly distorted by the aluminum borate matrix. 
O2 
In a relatively narrow temperature interval (50-65 K) a beautiful multiline spectrum was observed 
between 5 and 12.5 kG (figure 8.2 and 8.7). Comparing this multiline signal with that observed 
for O2 in the gaseous state20,21 it can be inferred that this signal originates from O2 molecules in 
gaseous form probably present inside the pores of the sample. Above ca. 65 К this spectrum 
broadens beyond detection (see figure 8.2). At low temperatures it disappears and is replaced 
by a new strong signal at ca. 11.7 kG (see figure 8.2 and 8.7). Apparently decreasing the 
temperature causes the 0 2 molecules to condense on the surfaces of the pores and then give rise 
to the well known signal at ca. 11.7 kG, 2 2 - 2 5 characteristic of 0 2 in the condensed phase. That 
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Oxide matrix 
MgO (93 K)16 
ZnO (77 K)19 
Silica gel (77 K)18 
Vycor(4.8K)19 
Zeolites (77 K)17 
Aluminum borates 
(20 K), this work 
N02 (gas) 
(293 K)13 
gx 
2.005 
2.007 
2.004 
2.005 
2.0043 
2.0015 
2.0062 
g; 
1.9915 
1.994 
1.9907 
1.9913 
1.9922 
1.9985 
1.9910 
g2 
2.002 
2.003 
2.004 
2.0017 
2.0017 
2.009 
2.0019 
ëiso 
1.9995 
2.001 
1.9996 
1.9994 
1.9993 
2.0066 
1.9997 
Ax 
(MHz) 
148 
146.1 
165.7 
140.3 
143.3 
144.5 
128.0 
A; 
(MHz) 
137 
132 
137 
128.2 
137.2 
133.0 
126.0 
Az 
(MHz) 
189 
181.1 
165.7 
183.5 
189.1 
185 
184.9 
Aiso 
(MHz) 
158 
153.1 
156.1 
150.7 
156.5 
154.1 
146.5 
Table 8.1: EPR parameters of NO2 molecules adsorbed on surface of various oxide matrices. 
"The y axis is taken parallel to the intramolecular oxygen-oxygen direction. 
matrix 
N2 (solid) (< 20 K)23 
N2 (solid) (< 20 K)24 
N2 (solid) (< 20 K)25 
CO (solid) (< 20 K)23 
CO (solid) (< 20 K)24 
КВЮ4 crystals26 
NaCI03 crystals
27 
Aluminum borates (< 20 K), 
present work 
gx 
2.02 
2.0 
2.0 
2.02 
2.0 
1.999 
2.004 
2.02 
gy 
2.02 
2.0 
2.0 
2.02 
2.0 
2.015 
2.006 
2.02 
£ 
0.7 
2.0 
2.0 
0.7 
2.0 
1.996 
2.003 
0.673 
ΔΗ 
(G) 
40 
25 
-
80 
400 
-
-
320 
D 
(GHz) 
108 
108.3 
107.1 
108 
108.5 
108.9 
112.2 
109.3 
E 
(GHz) 
-
-
-
-
-
1.3 
0.135 
0.075 
Table 8.2: EPR parameters of O2 molecules trapped in different matrices. *The ζ axis is the 
molecular axis. 
Oxide matrix 
η -alumina (77 K)29 
Silica magnesia (77 K)29 
MgO (77 K)16 
Zeolites (77 К) 3 0 · 3 ' 
Aluminum borates (14 K), 
present work 
gx 
1.996 
1.996 
1.995 
1.986-2.000 
1.985 
gy 
1.996 
1.996 
1.995 
1.978-1.998 
1.985 
g; 
1.96 
1.91-1.95 
1.91 
1.83-1.93 
1.81-1.91 
AL 
(MHz) 
95 
85 
93 
85-95 
85 
Table 8.3: EPR parameters of NO molecules adsorbed on surface of various oxide matrices. 
'The ζ axis is the molecular axis, this is also the _l_ direction of the A tensor. 
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11 12 
[ 1 0 3 Q ) 
Figure 8 5· EPR spectra of ABo i-Ti 5 at 14 К (a) before evacuation, (b) after evacuation at 
room temperature and (c) after a new short (< 1 mm) heal treatment al 150 ° С 
the signal is due to 0 2 molecules produced by the decomposition reactions (1) and (2) is proven 
by the experiment illustrated in figure 8.5. In figure 8.5a the EPR spectrum is shown for the 
as-prepared sample AB() i-T| 5. A very strong signal is observed at 11.7 kG. The quartz tube 
was then opened and connected to a vacuum system. After evacuation of the sample at room 
temperature the sample tube was sealed and subsequently the EPR spectrum was measured. A 
dramatic decrease of the signal intensity at 11.7 kG was observed (see figure 8.5b). A further 
short heat treatment of the sample in the closed tube (< 1 min) at the same temperature (150 °C) 
resulted in an enhanced signal (figure 8.5c). This enhancement must be due to O2 molecules 
produced by the decomposition reactions that occur during the short heat treatment. 
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Figure 8.6: EPR spectra for ABo i-Τι 5(a) and ABo 5-T15(b) samples at 14 K. The arrow 
indicates a line at the g = 4 posilion. 
The EPR spectrum of condensed triplet O2 has been analysed by using the following spin 
Hamiltonian 
1_._ - 1 + E ( S 2 _ s ^ + / ^ B o . g . s ( 8 1 ) H, = D S 2 - ^ S ( S + 1) 
and with the aid of the EPR simulation program MAGRES.28 An excellent fit was obtained using 
the following set of parameters: 
g
x
 = gy = 2.02, g* = 0.673, D = 109.3 GHz, E = 0.075 GHz, Lorentzian linewidth = 200 G. 
The dotted line in figure 8.7 shows the simulation. In passing we note that a perfect fit for the 
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11 12 
[icrO] 
Figure 8.7: Temperature dependence of the EPR spectra of the ABo 2-T2. The dotted line is 
the simulated signal for trapped 0 2 molecules using parameters listed in table 8.2. 
signal at 11.7 kG could be obtained only by taking a non-zero asymmetry parameter E and the 
feature at ca. 5 kG could be reproduced only using an axial g tensor. In table 8.2 the values 
of the parameters are listed together with those obtained in other matrices. The D values for 
trapped 0 2 molecules are significantly smaller than that for 'free' O2.119 GHz.21 
NO 
The presence of NO in the samples is also revealed in the EPR spectra. The EPR spectra are 
shown for AB0.3-T1.5 (figure 8.6a) and AB0.5-T1.5 (figure 8.6b) measured at 14 K. The latter 
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spectrum reveals an asymmetrical signal with a large tail at high field, characteristic of NO, at g 
« 2.0 without contamination from other signals. In figure 8.6a the NO signal is superimposed 
on the N02 signal, as is the case in figure 8.5c (see insert). Close inspection of the spectra of 
other samples always showed a contribution from NO. In Table 8.3 the magnetic parameters are 
tabulated together with those of physisorbed NO molecules on 7-alumina,29 silica-magnesia,29 
MgO16 and zeolites.13·31 Our values, estimated directly from the EPR spectra (figure 8.5c and 
8.6), are in accordance with those measured in similar systems. 
Other paramagnetic species 
In the EPR spectra of samples heat treated between 150 and 200 °C we observed EPR signals that 
we could not identify. As an illustration of this we refer to figure 8.7, where spectra are shown 
for the sample AB0-T2. Broad lines are observed below ca. 5 kG. As can be seen from the figure, 
some lines shift to lower magnetic field values with decreasing temperature. It is suggested that 
these signals arise from pairs or clusters formed from paramagnetic species with S = 1/2. In 
figure 8.5a there are some features at 5 and 8 kG which might also be due to paramagnetic 
dimers or clusters. In some cases (at high NO concentrations) a well-defined line at g = 4 was 
observed (see peak in figure 8.6b, indicated by an arrow), which might be a half-field signal from 
paramagnetic NO dimers. Peaks due to dimers of NO2 could be discerned in the full-field region 
of the NO2 spectrum, especially at high NO2 concentration, as was observed by Schaafsma and 
Kommandeur.15 
Finally, in the spectra of all samples in the region around g « 2.0, especially at low tempera-
ture, weak signals were observed superimposed on the strong signals of N02 and NO. They are 
possibly related to some crystal defects or to organic and/or inorganic radicals produced during 
the synthesis. 
8.4 Results of NMR on Aluminum Borates 
It was expected that changes in coordination of aluminum would be manifest clearly in 27A1 
MASNMR spectra. This was indeed the case. The effect of heat treatment temperature on the 
shape of 27A1 MASNMR spectra is shown in figure 8.8 for samples without boron (spinning 
side bands are marked by asterisks). The dependence of the spectra on sample composition 
is illustrated in figure 8.9 for samples with different boron contents and the same heating 
temperature (Tt = 400 °C). In all spectra three resonance peaks can be discerned with different 
intensities. The resonances at 0-8 and 58-64 ppm are unanimously accepted to originate from 
octahedrally and tetrahedrally coordinated Al, respectively.32"36 The third resonance at ca. 30 
ppm is consistent with the chemical shift of penta-coordinate Al, as previously observed in 
NMR studies of crystalline materials with well-defined penta- coordinate Al33-35 or in studies of 
disordered matrices, as gels and glasses, containing Al ions.36'37 Figure 8.8 shows that mainly 
between 200 and 300 °C penta-coordinate and tetra-coordinate Al are formed at the expense of 
octahedrally coordinate A]. Above 800 °C the spectrum corresponds with the NMR spectrum 
of 7-alumina, consisting of only tetrahedrally and octahedrally coordinate Al. Figure 8.9 shows 
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Figure 8.8: 27Al MASNMR spectra of ABo samples at room temperature showing the effect 
of heat treatment temperature. The spinning side bands are marked with asterisks and are 
outside the range of chemical shifts of the three Al resonances. 
that the amount of penta-coordinate Al increases, whereas the fraction of tetra-coordinate Al 
decreases with increasing boron concentration. 
For samples with y < 7.5 the 27Al NMR spectra changed in time when these samples were 
exposed to air. This effect, also dependent on the boron content, is illustrated in figure 8.10 for 
the sample AB0-T4. When after the first measurement (figure 8.10a) the sample is exposed to air, 
changes are observed caused by absorption of H2O molecules from the air (figure 8.10b,c). The 
peak intensities of tetra- and penta-coordinate Al decrease, whereas the intensity of the peak due 
to octahedrally coordinated Al increases. After renewed heat treatment at the same temperature 
(400 °C) a similar 27A1 NMR spectrum was obtained to that measured for the as-prepared sample 
(figure 8.10a). The same effect was observed recently for other aluminum oxide matrices.32 
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Figure 8.9: 27A1 MASNMR spectra of AB,T4 samples showing the effect of the boron 
content. The values for χ are shown at the spectra. The spinning side bands are marked with 
asterisks and are outside the range of chemical shifts of the three Al resonances. 
8.5 Discussion 
NMR 
During sol-gel synthesis the materials pass through several stages.3" In the starting solutions at 
room temperature the principal process is the hydrolysis reaction, during which the majority of the 
present cations become coordinated to hydroxy groups and water molecules. By increasing the 
temperature, condensation reactions evolve under formation of M-O-M bonds and the production 
of water. These condensation reactions proceed during the drying of gels by successive heat 
treatments. At the end of the synthesizing process amorphous porous xerogels are obtained. 
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-100 -150 
Figure 8.10: 27A1MAS NMR spectra for the AB0T4 sample: (a) as- prepared (b) after 1 
month and (c) after 2 months storage in air, and (d) after a new heal treatment at the same 
temperature (400 ° Q . The spinning side bands are marked with asterisks and are outside the 
range of chemical shifts of the three Al resonances. 
Our experiments shed more light on what happens specifically during the synthesis of the 
xerogels. 
Up to a heat treatment temperature of 200 °C decomposition reactions occur and glycerol 
is partially oxidized. The 27A1 MASNMR spectra recorded for samples taken at heat treatment 
temperatures of 150 and 200 °C hardly differ (see figure 8.8). 
A dramatic change in the local structure of the xerogels takes place between 200 and 300 °C, 
as is nicely illustrated by the 27A1 MASNMR spectra in figure 8.8. From these spectra it may be 
concluded that in the heat treatment temperature range 300-600 °C four- and five-coordinate Al 
are formed at the expense of six-coordinate Al. This is more clearly demonstrated in figure 8.11 
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Figure 8.11: Fraction of hexa-(v), penta-(·) and tetra-(o) coordinate Al ions as a function 
of heat treatment temperature (T,) in AB
n
 samples. The dotted lines are guides to the eyes. 
where the change in the relative peak areas is plotted against the heat treatment temperature. 
The relative intensities of the NMR peaks were determined by deconvolution of the spectra, 
assuming that the line shapes can be fitted with Gaussians. Since the electric field gradient is 
different at each of the three sites, the peaks have different and asymmetrical line shapes. These 
effects were taken into account by allowing the lines for each site to be a linear combination 
of one, two or three Gaussians with different widths and positions. In this way good fits were 
obtained. 
Figure 8.9 shows that four- and five-coordinate Al are also present in the boron-containing 
samples. The possibility that the resonance peak at ca. 30 ppm is due to aluminum coordinated 
to boron atoms in the second coordination sphere6 can be ruled out because this resonance 
was also observed in the pure alumina samples. Moreover, it was observed in 29Si NMR of 
boron-containing MFI zeolites that boron present in the second coordination sphere of Si had no 
effect on the Si chemical shift.39 Therefore, we do not expect any effect on the Al chemical shifts 
either. From figure 8.9 it can furthermore be inferred that the boron ions prefer four- instead of 
six- coordination (see spectrum of sample ABQ 5). 
The decrease in the number of aluminum atoms in the four- and five-coordinate ion sites 
in samples exposed to air (so-called air-equilibrated gels), suggests that low-coordinate AJ 
atoms are predominantly located at the surface of the xerogels. It is known that these four-
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and five- coordinate Al at the surface are connected with the catalytically active sites.1'40 The 
partial rehydroxylation that takes place when the sample is exposed to air is the principal factor 
involved in the different results reported in the literature for similar materials.6,7 The difference 
in preparation procedure seems to be of minor importance. 
Not only the local structure changed during the synthesis of xerogels but also the internal 
porosity. By increasing the heat treatment temperature the dimensions of the pores diminish, the 
surface area decreases and the density of the samples increases (skeletal densification). After 
3 h heat treatment at 860 °C the 27A1 NMR spectra of the samples (figure 8.8) are identical 
to that of 7-alumina, proving that the amorphous alumina xerogels had been transformed into 
polycrystalline alumina. 
EPR 
The EPR results offer us new, important information about the evolution of catalytically active 
sites. The gaseous paramagnetic species that are produced by the decomposition reactions inter­
act with these active sites before they change their initial configuration by structural relaxation 
or as a result of interactions with other non-paramagnetic molecules such as water. 
As indicated above, the mobility of physisorbed N0 2 molecules depends on the heat treatment 
temperature. Their mobility, determined by the strength of their interactions with the surfaces of 
the xerogels, is revealed by the temperature dependence of the EPR spectra shown in figures 8.3 
and 8.4. N0 2 molecules in samples treated at low temperatures have a higher mobility than in 
samples treated at higher temperatures. For instance in the sample AB0 2-T1 the NO2 molecules 
at 125 К rotate isotropically, whereas in the sample AB02-T4 at the same temperature the NO2 
molecules rotate anisotropically around an axis parallel to the intramolecular axis between the 
oxygen atoms (denoted as the у axis). For samples with у < 1.5 the mobility of the NO2 molecules 
is comparable to the mobility observed for N0 2 adsorbed on Vycor glass
19
 or on zeolites,30 but 
for samples with у > 2 the mobility of N0 2 is lower. At high treatment temperatures the 
samples become to a great extent dehydroxylated and accordingly the interaction between the 
NO2 molecules and the surface becomes stronger, thus restricting their mobility. For the sample 
AB02-T4 the NO2 molecules move anisotropically even at room temperature (see figure 8.4). 
As shown in table 8.1, the magnetic parameters of N0 2 in aluminum borate xerogels are 
comparable to the values observed for similar systems. Hence the adsorbed N0 2 molecules 
are not greatly distorted by the aluminum borate matrix. Pietrzak and Wood17 concluded from 
this that the majority of the N0 2 molecules dimerize at low temperature and are surrounded by 
several N 2 0 4 molecules which have condensed on the walls of the zeolites studied by them, thus 
shielding the NO2 molecule from strong cation interactions. The same conclusion may be drawn 
for the system investigated by us. Figure 8.6 shows that on increasing the boron content the O2 
EPR signal decreases. This can be rationalized as follows. When the boron content increases 
less O2 will be produced by the decomposition of AI(NCb)3 because its concentration decreases 
as the boron content increases. The produced 0 2 molecules will be partly used in the oxidation 
of glycerol, the concentration of which is the same in all samples. Thus the observed 0 2 signal 
intensity observed will decrease as the boron content increases. 
This is not contradicted by the experiment described in figure 8.5, where we see that the 0 2 
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EPR signal increases after a renewed heating procedure. We must remember that in this experi­
ment the sample has been placed in a closed evacuated tube, so that the decomposition products 
can escape into the empty space above the sample, especially the non-polar 0 2 molecules. The 
polar molecules like NO are preferably fixed on coordinatively unsaturated active sites (Al3+, 
B3 +), developed during the heating process. Thus the O2 molecules that have escaped cannot be 
consumed in the pyrolysis of glycerol. After cooling the sample to 14 К the O2 molecules will 
condense on the surfaces, and will give rise to an enhanced EPR signal. At heating temperatures 
below 200 °C we observed in the EPR spectra signals we believe to arise from species with 
S > 1. From the 27A1 NMR spectra it can be concluded that below 200 °C only a small number 
of low-coordinate Al species are present (see figure 8.8). At the beginning they are not uniformly 
distributed over the surface area of the pores, but will appear in zones in which the hydroxylation 
process was most effective. From structural studies it was found that one oxygen anion vacancy 
can create as many as three five-coordinate Al sites.37 The polar paramagnetic species, especially 
the very reactive NO molecules, will react with these active sites and form paramagnetic clusters 
S > 1. The formation of these clusters is also favoured by the high gas pressure in the pores, 
which are closed at this temperature. The sharp signal at g = 4, indicated by an arrow in figure 
8.6, may arise from NO dimers. Pairs of NO2 molecules can also be formed, especially when 
the concentration of N0 2 is high.
15
 We found evidence for this in our spectra, measured below 
20 K. 
Note that we found no evidence in our experiments for the presence of Oj . When 0 2 is 
adsorbed on 'clean' surfaces of activated oxide materials usually an electron is transferred to 
O2.41 In our experiments the surfaces will be preferentially covered by the polar molecules like 
NO, N2O4, NO2, OH" or H2O, so that the O2 molecules are physisorbed on top of them and no 
electron transfer to 0 2 takes place. 
The appearance of the multiline spectrum of O2 was a surprising result. The multiline 
spectrum arises through the coupling of the rotational angular momentum, which is quenched in 
the liquid or solid phase, with the electronic spin and orbital angular momentum.21 This spectrum 
could be observed only over a narrow temperature interval of 15 °C. If the 0 2 concentration is 
high, collisional broadening will occur. On cooling the sample, the concentration of O2 decreases 
by condensation of O2 molecules on the surfaces of the pores. A point is then reached where 
the concentration of O2 is large enough and the relaxation times long enough to make detection 
of the EPR spectrum of gaseous 0 2 possible. Further lowering of the temperature leads to total 
condensation and to the disappearance of the gaseous EPR spectrum and to the appearance of 
the EPR spectrum of 0 2 in the condensed phase. 
The zero-field splitting parameter (D) of 0 2 in the gaseous state is equal to 119 GHz.21 For 
O2 in our system the D value amounts to 109 GHz. The reduction of the value of D has been 
attributed to torsional oscillation of the O2 molecules in a potential well provided by the matrix.42 
Table 8.2 shows that the same effect has been observed for O2 trapped in other matrices. 
8.6 Concluding remarks 
Our EPR studies on aluminum borate materials show that the paramagnetic products of decom­
position reactions in sol-gel processing of amorphous xerogels can be used as EPR probes for 
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the study of the active sites, developed during the synthesis on the surface of the pores. The 
strength of the interactions between the active sites and the paramagnetic products are reflected 
in the shape of the EPR spectra of the adsorbed molecules. 
The 27A1MASNMR spectra reflect directly the changes in Al coordination during the heating 
procedure. In the temperature range 200-300 °C four- and five-coordinate Al species are formed, 
which, on exposure to air, are partially transformed again to six- coordinate Al by absorption of 
water present in the air. This observation stresses the importance of working under well-defined 
conditions in cases where the materials studied have high surface areas. Some conflicting results 
in the literature may be ascribed to air-equilibration of the samples. 
Finally, the simultaneous use of NMR and EPR techniques is shown to be a powerful tool 
for the study of the active sites in amorphous and crystalline materials. 
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Bestudering van hydrotalciet, Ag-NaA zeoliet en 
aluminiumboraat met behulp van magnetische 
resonantie 
Samenvatting 
Drie vaste stoffen, die van belang zijn voor de katalyse, zijn onderzocht m .b.v. NMR en EPR 
technieken. De drie stoffen zijn hydrotalciet, Ag-NaA zeoliet en aluminiumboraat. 
Hydrotalciet is laagsgewijs opgebouwd. Elke laag bestaat uit een dubbele laag OH~ ionen 
met in de octaëderholtes Mg2+ en AJ3+ ionen. Deze lagen zijn electrisch positief geladen, 
ladingscompensatie wordt gegeven door CO2- ionen die tussen de lagen gesitueerd zijn. Ook 
bevinden zich watermoleculen tussen de lagen. De tussenlaag ionen en moleculen kunnen in 
principe gewisseld worden voor andere ionen en moleculen, zodat hydrotalciet een interessante 
tweedimensionale omgeving voor chemie kan zijn. 
Door substitutie van een kleine hoeveelheid Mg2+ ionen door paramagnetische Cu2+ ionen 
kan hydrotalciet met EPR onderzocht worden. Gebleken is dat in de positieve hoofdlagen de 
metaalionen nagenoeg octaëdrisch omringd zijn door OH- ionen; de octaëder is een beetje 
ingedrukt langs de drietallige as van de octaëder. Verder blijkt uit de EPR experimenten dat de 
structuur van hydrotalciet niet overal even goed geordend is. Dit blijkt uit het feit dat er twee 
soorten Cu2+ EPR spectra gemeten werden, één overeenkomend met een geordende structuur 
en één met een wanordelijke, niet perfecte structuur. 
Uit NMR metingen aan hydrotalciet is gebleken dat de watermoleculen snel roteren om 
de tweevoudige as. Deze symmetrie-as staat evenals de drievoudige symmetrie-as van CO2-
loodrecht op de lagenstructuur. Deze ordening wordt in stand gehouden door waterstofbruggen. 
In tegenstelling tot hydrotalciet is NaA zeoliet een mineraal dat een negatief geladen 'kooi'-
structuur heeft met daarin uitwisselbare watermoleculen en positieve Na+ ionen. De kooistruc-
tuur is opgebouwd uit regelmatig gerangschikte Al en Si atomen, verbonden door O atomen. 
De Na+ ionen zijn in deze studie gedeeltelijk vervangen door zilverionen, Ag+. Na bestraling 
met röntgenstraling (X-stralen), bij een temperatuur van 77 K, en gecontroleerde opwarming 
na de bestraling ontstaan er verschillende zilverclusters in de kooistructuur. Sommige clusters 
bevatten een ongepaard electron en zijn met EPR waargenomen. De grootte, vorm, stabiliteit en 
locatie van de clusters zijn afhankelijk van de aanvangsconcentratie Ag+ en H2O, de temperatuur 
na de bestraling en de aanwezigheid van andere moleculen dan H2O. O.a. zijn waargenomen de 
clusters Ag£, Ag2+ en AgJ¡+. 
Aluminiumboraat is een mineraal dat electrisch neutraal is en waarin zich neutrale moleculen 
kunnen bevinden of waarop neutrale moleculen kunnen condenseren. Het is opgebouwd uit Al 
SAMENVATTING 
en В atomen, verbonden door O atomen. In de meeste aluminiumboraten bevinden zich holtes 
met een typerende afmeting van 80 Â. Het oppervlak van het materiaal is bedekt met OH - ionen. 
Aluminiumboraten zijn gesynthetiseerd door langzame verhitting van mengsels van alumini-
umnitraat, boorzuur, glycerol en een kleine hoeveelheid water. Een serie monsters, van verschil-
lende samenstelling en genomen bij verschillende verhittingstemperaturen, is onderzocht met 
NMR en EPR. Uit 27AJ NMR metingen is informatie verkregen over de lokale structuur van de 
AI3+ ionen die omringd kunnen zijn door vier, vijf of zes O atomen. De relatieve hoeveelheden 
van de verschillend omringde Al3+ ionen zijn afhankelijk van de verhittingstemperatuur en de 
samenstelling van het monster. 
Tijdens de synthese ontstaan de paramagnetische molekulen NO, NO2 en 0 2 die met EPR 
waargenomen zijn. Afhankelijk van de structuur van het aluminiumboraat, geven deze moleculen 
andere spectra. De structuur van het aluminiumboraat is weer afhankelijk van de verhittingstem-
peratuur en de samenstelling van het monster. 
De EPR en NMR resultaten hebben samen geleid tot een beeld van de vorming van alumini-
umboraat. 
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